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EFFECT OF MOISTURE IN THE COATINGS OF 
LOW-HYDROGEN IRON-POWDER ELECTRODES 


Porosity and cracking in weld metal and fusion zone 


found to be the principal detrimental effects of 


ABSTRACT. Moisture in the coutings 
of low-hydrogen are-welding electrodes has 
« detrimental effect on the weld metal 
quality if present in amounts above the 
toleration value. The detrimental effect 
is primarily in causing porosity and/or 
cracking in the weld metal and fusion 
zone 

This paper gives (1) the rate of moisture 
absorption under various conditions of 
temperature and relative humidity; (2 
the redrying characteristics; (3) the effect 
of moisture in producing porosity in the 
weld metal; and (4) its effect in producing 
cracking in the weld metal and fusion 
zone. Five brands of commercial low- 
hydrogen electrodes with and without iron 
powder addition to the coatings were used 
in making the tests 


Introduction 

The influence of moisture in the elec- 
trode covering on the quality and char- 
acter of the weld metal of low-hydrogen 
electrodes has been pointed out by 
investigators. Franks and 
others! found that it was necessary to 
reduce the total water content (deter- 
mined at 2400° F) of the covering to 
0.2%), for the AWS E-12015, 0.4%, for 
the AWS E-10015 and 0.8° for the 
AWS E-7015 type electrodes when used 
under highly stressed 
Franks and others also showed that 


several 


conditions 
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moisture in coatings of low-hydrogen electrodes 


BY D.C. SMITH, W. G. RINEHART AND K. P. JOHANNES 


low-hydrogen type coverings pick up 
moisture when openly exposed to 
humid atmospheres and that different 
brands of electrodes pick up different 
amounts of water under identical con 
ditions 

In response to many inquiries and 
questions the authors have investigated 
the influence of moisture in low-hydro 
gen iron-powder coverings on the weld 
metal and the moisture sorption proper 
ties of several brands of electrodes now 
This paper 


gives the results obtained so far on this 


being currentls produced. 


investigation 


Materials Used 

The electrodes used in this investiga 
tion are readily available commercial 
brands, some were purchased from local 
dealers and some were furnished by the 
manufacturer. Table | gives the AWS 
ASTM Classification, analysis and me- 
chanical properties of the weld metal for 
the electrodes tested 

Mild steel plate (ASTM-A7) was used 
for the X-ray porosity tests and an alloy 
steel (AISI-1340- C 0.37%, Mn 1.65% 
S 0.033%) for the cruciform test 


Moisture Absorption and Redrying 
Characteristics of the Electrode 
Coatings 
Rate of Moisture Absorption of the Electrode 
Coatings 

1 pparatus and Method The appa- 


ratus is shown in Figs. | and 2. The 
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humidity cabinet was designed so that 
nine electrodes could be exposed at the 
same time and thus be subjected to 
identical conditions of relative humidity 
and temperature The outer cabimet 
was constructed of l-in. imsulation 
hoard and lined with sheet metal A 
constant temperature was maintained 
in the cabinet with a thermoregulator 
connected to a 100-w lamp and an air 
emculating fan 

A Pyrex-glass jar, 12 in. in diameter 
and 18 in. high, was used as the humid 
ity chamber. The cover for the chamber 


was set 1 in. below the ceiling of the 


outer cabinet so that the humidity 


chamber would be completely sul 
rounded by an atmosphere maintained 


Wet and 


dry-bulb thermometers and a wet-bulb 


at constant temperature 
ventilating fan were installed in the 
humidity chamber for direct determina 
tions of the temperature ind relative 
constant 


humucdit To maintain a 


relative humidit in the chamber 
saturated salt’ solutions were placed in 
the bottom of the Pyrex-glass jar 

The electrodes used in each test were 
f 


suspended by wire hangers from a cir 


cular metal plate, 6 in. in diameter 
This metal plate can be rotated from 
outside the cabinet to position the elec 
trodes directly below an opening in the 
top of the cabinet for weighing. This 


opening Was « losed with a rubber stopper 


9219 


Table |—Weld Metal Analysis and Mechanical Properties of the Three Groups of Low-Hydrogen Electrodes 


Used in This Investigation 


Klectrode oisture 
iWws Weld metal analysis, % in coating Tensile, Yield, Elongation Reduction 
classification Vo ( Mn Si Ss P % pai per in2in., % inarea, % 
7016 “12 0 54 0 0 O11 019 78,500 68,100 31.0 72 
01 0 0 O11 1 oo 77,800 66,700 $2.5 72 
2 0 0% 0) 8S 0 37 0 022 0 017 1 70, 500 59, 200 33.0 75 
70,000 58 600 35.0 75 
5 007 0 0 O11 0 45 82,500 73,000 31.0 74 
82,250 73,000 20.5 73 
17018 0 05 0 76 0 018 0 O10 0 21 82,200 72,000 32.5 71 
(proposed 82,200 72,000 31.5 71 
) 009 0 72 0 O15 0 O11 76,500 64,250 30.5 74 
74,000 67 ,000 31.0 73 
0 12 52 0 20 0 028 0 ol 0 09 68 600 56,700 33.0 72.5 
67 800 54,800 34.0 69 5 
b-7028 ot 0 86 O51 024 0 022 0.10 76,500 62,000 30.0 70 
(propomed ) ii 0 6 0 67 0 021 0 O17 0 30 85, 100 69, 600 32.0 70 
7 0 07 045 0 O82 0 OLS 013 75,750 62,250 $2.5 71 


4,250 


except for the short periods of time re 
quired to weigh the electrodes 

The analytical balance used for weigh- 
ing the electrodes was modified by re- 
moving the left-hand pan-and hanger 
and cutting a hole in the floor of the 
case directly below the left-hand pan 
hook. A wire rod was used to suspend 
the electrodes from the balance beam. 

Mach of the electrodes to be exposed 
in the humidity cabinet was marked for 
identification and slotted on the stripped 
end so that hangers could be attached 
for suspending them in the humidity 
cabinet. They were stored in moisture- 
proof containers. Samples of each type 
and brand of electrodes were taken for 
2400° F moisture to 
establish the initial moisture contents 
of the electrodes Before placing the 
in the humidity chamber, 
they were carefully weighed and heated 
to the temperature of the 
Weighings of the electrodes were made 
at frequent intervals during the first 
S hr of the run and twice daily there 
after. Wet- and dry-bulb temperature 
readings were made immediately after 
each weighing. The weight of the coat- 
ing of each electrode was obtained from 
the difference in the initial weight of the 
electrode and the weight of the core 
wire after the coating had been com- 
pletely removed at completion of tests 

Discussion of Results 


determinations 


electrodes 


cabinet 


Three moisture 
absorption tests were made on the eight 
These measurements were 
conducted at a temperature of 85° F 
and relative humidities of 50, 68 and 
os The of the tests are 
plotted in Figs. 3, 4, 5 and 5A, which 
show comparisons of the rates at which 


electrodes, 


results 


the electrodes take up moisture during 
an exposure time of 120 hr. The condi- 
tions of exposure during the moisture 
test were, of course, much more drastic 
than would be experienced in actual 


practice since each electrode was com- 


pletely surrounded by the humidified air 


which would cause them to absorb mots- 
ture more rapidly than a group of elec- 
trodes in physical contact with one an- 
other, The tests therefore indicate the 
maximum rates of moisture absorption 
when exposed under the temperature 
and relative humidity conditions of the 
tests. The tests also give an indication 
of the variations in the rate of moisture 


pickup that can be expected among the 
various commercial brands of electrodes 
of these types. 

The results of the tests indicate that 
there is a considerable variation in the 
rates of absorption of the eight ele: 
trodes. Electrode No, 2 picks up mois 
ture much more rapidly than any of the 
other seven. At 83% relative humidity 
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Fig. 1 Schematic drawing of humidity cabinet for determining the rates of mois- 


ture absorption of electrode coatings 
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electrodes was 0.26°), by No. 5 

Figure 5A shows a comparison of the 
rates of moisture absorption by the 
coatings of two sizes of experimental 
electrodes of the same compos 
tion except for iron powder content 
Che addition of iron powder to the coat 
ing causes a definite increase in the rate 
of moisture absorption. This increase 
is much more pronounced with the ¥/ ¢- 
in. size electrodes. Undoubtedly this 
increase in absorption is due to the 


| 


larger particle size of the iron powder 


causing the coating to be more porous 
ind allowing the moisture to diffuse to 
the interior of the coating more rapidly 

The effect of temperature on the rate 
of moisture absorption was not investi- 
vated with these eight electrodes, but 
previous investigations by this labora- 
tory have shown that, if the relative 


nidity is kept constant, an increase 
temperature causes an increase in the 


ite of morture ibsorption 


The important factors which may 


iffect the rate of moisture absorption 


Fig. 2. Apparatus for determining the rates of moisture absorption 
of electrode coatings 


Pemperature 
4 Relative humidity 


it absorbs 69% moisture when exposed period at this same relative humidity 3. Composition of the coating 

for approximately 7 hr and reaches At 50% relative humidity all the ele« 1. Particle size of the coating con- 
equilibrium moisture content of 8.5% at trodes except No. 2 absorb moisture tituents 

about 25-hr exposure None of the very slowly. Electrode No. 2 absorbed ) Thickness of the coating 

other seven electrodes absorbed more 1.65°7 moisture in 120 hr while the most ( Degree of packing of the ingredi 
than 5.8°, moisture during a 120-hr absorbed by any of the other seven ents 


Table 2—E€ffect of Moisture in the Coatings of Three Types of Low-Hydrogen Electrodes on X-ray Porosity 
in Weld Metal Deposited in the Flat Position 


Expo ire time in ho al Sd required 
or coating to absorb equivalent amount of 


Electrode \ ay porosity moisture er n column 4 at 
{WS clas sification \ Vorsture, pols per sq in RW 68% H 
225 0 106 10 
10 0 ° 20 
2 40 50 140 
225 0.5 0 . 2 
1 0 200 5 
200 Many t 22 
4 225 1 15 0 | 
2 00 0 . i 2 
$.12 0 1] 
1 05 05 24 
»> 5 2 7 
:-7018 250 0 175 10 
( proposed 0 26 
1 06 09 87 
2 40 04 t 120 
10 Man 200 
0) 0 1h 5 
1 6 0 216 
j 200 31 2 
0 45 0 120 
oO 50 6 
6 5 ° 
275 0 30 0 125 
(proposed 0 4 4.0 Zit 
100 7 
‘ 275 27 0 
0 44 $ 5 2 
* Exposure time was discontinued at 400 hr and moisture content had not vet been reached 
t Exposure time was discontinued at 300 hr and moisture content had not vet been reached 
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Fig. 3. Rates of moisture absorption of the electrode coat- 
ings at 50% relative humidity and 85° F 
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Fig. 4 Rates of moisture absorption of the electrode coat- 
ings at 68% relative humidity and 85° F 
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Fig. 5 Rates of moisture absorption of the electrode coat- 


Amount of moisture initially 
present in the coatings 

5. Temperature at which the elee- 
trode was dried and the time of 


drying. 


Since the eight electrodes were exposed 
to identical conditions of temperature 
and relative humidity, the variations in 
the rates of absorption noted in Figs 
3, 4 and 5 were caused by factors 3 to S 
Probably differences in the composition 
of the coatings and the particle size of 
the coating constituents contribute most 
to these variations 

The movement of moisture through 
solids has recently been discussed by 
J. D. Babbitt.? He lists the following 
possible states in which moisture may 


be present in the solid: vapor, liquid 
water, ice, chemical compound, ad- 
sorbed and dissolved. Under certain 


water molecules in each 


conditions, the 
of the six states are 
ment and may contribute to the migra- 
tion of moisture. 


capable of move- 
Although the assimi- 


316-8 


ings at 83% relative humidity and 85° F 


lation of moisture by electrode coatings 
has been designated as an 
r, it seems reasonable 


absorption 
process in this pape 
to assume that adsorption (both physical 
and activated) and, at the higher 
humidities, capillary condensation proc- 
esses are also involved 

Redrying Characteristics 

of the Electrode Coatings 


Apparatus and Method. The appa- 
ratus is shown in Figs. 6 and 7. It con- 
sists of the following parts: 

1. A furnace with a 2-in. 
fused silica tube in which three elec- 
trodes can be suspended at the same 


time. The electrodes are suspended by 
means of wire hooks from the tube cover 
which can be rotated to position the elec- 
trodes for weighing. 

2. A modified analytical 
the same balance used on the 
cabinet. 

3. An indicating controller con- 
trolling the furnace temperature. The 
thermocouple junction of the controller 


balance, 
humidity 


fi 
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TEMPERATURE 
ATIVE HUMIOITY 
TIME HOURS 


Fig. 5A_ Rates of moisture absorption by the coatings of ex- 
perimental E-7016 electrodes of same composition except 
iron powder content. 


Electrodes dried at 800° F for | hr 


is located in the middle part of the 
heated zone of the furnace tube. 

4. A system for supplying humidi- 
fied air to the furnace tube. The ai 
entering the furnace is saturated by dis 
persing it through a tower im 
mersed in a constant-temperature wate: 
bath maintained at 100° FP. 

The electrodes used in the redrying 
tests were humidified by exposing them 
to air at a relative humidity of 85-90%, 
and room temperature until the coatings 
had reached a moisture content of 2 to 
3%. They were then stored in moisture- 
proof containers. 


water 


The three electrodes used in each test 
were removed from the 
suspended in the furnace 
at room temperature. The furnace con 
troller was set at the desired tempera- 
ture, the furnace power supply and 
humidified air flow turned The 
electrodes were weighed at 15-min inter 
vals during the first hour of the run and 
at 30- to 60-min intervals thereafte: 


containers 
and weighed 


on. 
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Fig. 6 Schematic drawing of apparatus for determining 
the redrying characteristics of electrode coatings 


Fig. 7 Apparatus for determining the redrying character- 
istics of electrode coatings 


When the loss in weight during a I-hi 


period was less than | mg, the test was E7016 E7016 (PROPOSED) E7028 (PROPOSED) 


MOISTURE CONTENT MOISTURE CONTENT MOISTURE CONTENT 
BEFORE REDRYING BEFORE REDRYING BEFORE REORYING 
2.70% 2.77% @ 2.35% 
@ 2.65 4) 2.93 @ 2,80 
2.45 2.60 


terminated The electrodes were im- 


° 


mediately removed from the furnace and 
samples of the coatings taken for 2400° 
F moisture determinations 


° 


The approximate time intervals re- 


quired to bring the furnace to the de- 


sired temperature were as follows 


2 


10 min 


15 
20 
35 


EQUILIBRIUM MOISTURE CONTENT OF COATING, 


The air entering the furnace tube was 
humidified at 100° F and 100% relative 
conditions that would ordinarily be 400 600 800 ow ...4 TEMPERATURE, °F 4 
encountered in drying operations 
Discussion of Results The redrving 
data are presented in Figs. 8, 9 and 10 
In Fig. 8, the equilibrium moisture con 
tents (as determined at 2400° F) of the | ©7008 (PROPOREO! 


ED AT 10 


coatings at the end of the redrying URE COMTERT OF 2.40% 
a ORE ING 


Fig. 8 Redrying characteristics of electrode coatings 


periods are plotted against the redrying 
temperatures. This figure shows that 
the -7018 and b-702S8 types of elec 
trodes redry to a given moisture level 
at lower temperatures than the k-7016 
type This would be exper ted since the 
coatings of the Ek-7016 electrodes con 
tain more of the nonmetallic ingredients 
than the other two types. These curves 


were used in redrying humidified elec 


Time 


Fig. 9 Rate of moisture loss of the 
coating of */\»-in. No. | electrode dur- 


eking sus¢ ytibilit teste 
vasiinn sesceptihl ; Fig. 10 Rate of moisture loss of the 


coating of */ No. 5 electrode dur- 
ing redrying at various temperatures ing redrying at various temperatures 
with air entering furnace at 100° F and with air entering furnace at 100° F 
100% relative humidity and 100% relative humidity 


good result A drying period of | 

temperature in an oven equipped 

forced entiation produced the de red 
results However, it was found that a 
longer ye nod higher ten pera 
ture was required in a multe furnace in 
which there was no tore ir circulation 
to produce the same results moisture loss b No. 1 (Type -7O16 rin our of redrying of these 


Figure Q and 10 illus i i y pe 7OLS8) electrode etre re Wa very rapid 
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of moisture, followed by a period of a 
more gradual loss and an approach to 
an equilibrium moisture value. Num- 
ber 5 electrode (Fig. 10) redries at a 
faster rate, losing a greater proportion 
of its moisture during the first hour than 
No. 1 electrode does. Figures 9 and 10 
indicate that the moisture contents of 
the electrodes are not reduced appre- 
ciably by prolonged redrying for periods 
in excess of 2 or 3 hr in a well-ventilated 
oven, 
Apparatus and Mathod for Determining the 
Moisture Content of Electrode Coatings at 
2400° F 

The apparatus and method used are 
modifications of those of Gayley and 
Wooding’® who conducted considerable 
experimental work in 
method for the direct determination of 


developing a 
water in electrode coatings. The in- 
direct method, in which the moisture 
is determined by the loss in weight of the 
obviously can 
used at low temperatures 
High temperatures 


sample during heating 
only be 
(usually 220° F) 
would either cause a decomposition of 
the coating or an oxidation of some of 


HIGH TEMPERATURE 
COMBUSTION TUBE 


BREECH 


FURNACE 


COATING IN CLAY BOAT 


ANMYOROUS MAGNESIUM 
PERCHLORATE DRYING 
TOWER 


the ingredients. At low temperatures 
only the free moisture is expelled, leav- 
ing the bound (absorbed or chemically 
combined) moisture Gayley and 
Wooding found that some coating in- 
gredients did not release all of the water 
until a temperature of over 1800° F was 
reached. They therefore chose 2400° F 
as the operating temperature in develop- 
ing their method. 

The apparatus is shown in Figs. 11 and 
12. It consists of the following com- 
ponent parts: 

1. A two-tube, high-temperature fur- 
nace, Type T-2-9, equipped with py- 
rometer and temperature-controlling 
The pyrometer is calibrated to 
temperature within the 
With a 2-tube fur- 


nace it is possible to have | or 2 boats 


device. 
indicate the 
combustion tube 


in the process of drying while a sample 

is being run in the other tube 

Grade U.S. P. 
4. An oxygen purifying train con- 

sisting of a needle valve to control the 


2. Oxygen supply 


oxygen flow, an oxygen flow meter, a 
bottle containing 90° sulfuric 
volume) and a drying tower 


wash 
acid (by 


FURNACE FOR 
HEATING FILTER 


“ANHY. MAGNESIUM 
PERCHLORATE 
“ABSORPTION TUBE 


FLOW METER 


OXYGEN 
WEEDLE VALVE 


90% H,S0, 


SPRAY TRAP 


Fig. 11 


_DRYING TOWER 


Schematic drawing of train for 2400” F moisture determinations 


Fig. 12 Apparatus for determining the moisture content of electrode coatings 
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filled with anhydrous magnesium per- 
chlorate. 

4. A high-temperature combustion 
tube (1 in. diam x 30 in. long with re- 
duced end), mounted in the furnace. A 
metal breech is attached to the inlet 
end of the tube with plaster of Paris and 
attached to the purifying train with a 
copper tube to eliminate the use of rub- 
ber stopper and rubber tubing near the 
combustion tube. 

5. An absorption train consisting of 
a heated filter (maintained at 650° F 
a U-tube moisture absorption tube (with 
inlet and outlet glass stopeocks) filled 
with anhydrous magnesium perchlorate 
and a gas sealing bottle containing sul- 
furic acid. The filter is made of Pyrex 
glass tubing filled with fine-fiber glass 
wool. 

The furnace is maintained at 2200 
2300° F when not in use and is brought 
up to 2400° F 
moisture determinations 


before being used for 
A slight flow 
of oxygen is maintained through the 
train when not in use 

Preparation and Handling of Samples 
The sample should be a composite of 
coatings from the middle portions of two 
or more electrodes, The sample is trans 
ferred immediately to a previously dried 
ylass sample jar with an airtight screw 
eap The sample size used in each 
determination is approximately two 
grams and is weighed directly on the 
pan of the balance and transferred as 
quickly as possible to the combustion 
boat. 

Handling of the Combustion Boat and 
Moisture Absorption Tube. The boats 
to be used for the blank and moisture 
determinations are removed from the 
combustion tube and immediately trans 
ferred to a Pyrex desiccator containing 
anhydrous magnesium perchlorate as a 
desiccant. Tongs are used to remove 
the boat from the desiccator and in 
handling the boat during its transfer to 
and from the furnace tube. The ab 
sorption tube is handled with lint-free 
gauze at all times and is stored in the 
balance case during the cooling period 

Blank Determination. With the fur 
nace temperature at 2400° F and ar 
oxygen flow of 200-250 ml per minute 
the boat is placed in the center of the 
combustion tube and dried for 1 hi 
The absorption tube is then placed in 
the train for a period of 30 min to put it 
in the same condition with respect to 
temperature and oxygen content that it 
would be in at the end of the blank de- 
The absorption tube is 


termination 
removed and placed in the balance case 
and the boat is taken from the combus 
tion tube and placed in the desiccator to 
cool for a 20-min period. The absorp- 
tion tube is weighed and the combustion 
boat is removed from the desiccator and 
exposed for a period approximating that 
required to transfer a sample from ba! 
ance pan to boat. The cap of the com- 
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Fig. 13 Cruciform test specimen for 
determining cracking susceptibility of 
electrodes 


bustion tube is opened, the moisture 
absorption tube placed in the system, 
the boat is placed in the center of the 
combustion tube and the cover replaced 
After a period of 1 hr 


tube is removed from the system and 


the absorption 


placed in the balance case and the boat 
is taken from the combustion tube and 
placed in the desiccator. The moisture 
absorption tube is weighed after a 


n weight 


period of 20 min. The gain 
of the absorption tube constitutes the 
blank for that particular boat 

\ ole In determining the blank for a 
boat, the procedure for an actual mots- 
ture determination is carried out step 
by-step with the single exception of 
omitting the sample 

V oisture 
Immediately after weighing the mois- 


Determination of Sample 


ture absorption tube at the end of the 
blank 


weighed out on the pan of the balance 


determination the sample is 
The boat is removed from the desiccator 
and the sample quickly transferred from 
The cap 


of the combustion tube is opened, the 


the balance pan to the boat 


moisture absorption tube placed in the 
train, the boat transferred to the center 
of the combustion tube and the cover 
replaced After a period of | hr, the 
absorption tube is removed from the 
system and placed in the balance case 
it is weighed after the 20-min cooling 
period 
Calculation 


A B 
Moisture 100 
Weight of sampl 
where 
i gain in weight of absorption tube 
in moisture determination 
b gain in weight of absorption tub 


in blank determination 


Effect of Moisture in the Coating on 
the Weldment 

Conditioning of Electrodes for X-ray 
Porosity and Cracking T vats Before 


1956 


using, the electrodes were exposed in a 
high relative humidity atmosphere until 
the momture content of the coating 
reached approximate saturation and 
were then redried to the desired mois- 
ture level The redrying characteristh 
curves shown in Figs. 8, 9 and 10 were 
used as a guide for temperature and 
time necessary for redrying After the 
desired moisture evel was obtamed 
the electrodes were stored in sealed cans 
intil used, The final moisture content 
vas always checked by the procedure 


Method of Moisture 


Determination” before using the ele 


described under 
trodes, During the time of welding, the 
can Was opened only long enough to 
remove one electrode and then closed 
Several checks were made to see if the 
electrodes had picked up moisture dur 
ing the testing 
cid \¢ find that i tectable inount al 


moisture had been picked up during 


period but at no tine 


this period 
X-ray Porosity 
Preparation of Weldment and Method 
of Testing. The weldment and method 
of welding for testing the X-ra Porosits 
was the ime as that called for im the 
AWS-ASTM A233-557 
th the exception that lavers three ts 


per iheation 


the top were deposited in two passe in 
tead of weaving as called for im the 
pecification 

Since the object of this test was to 


measure the effect of moisture an at 


tempt wa made to keep all iriables 
uniform Cone operator «killed im 
handling low-hydrogen electrode did 


ill the welding using the same technique 
Variable due to 
the operator skill and usability ehara 

teristh 


throughout the test 


of the electrodes are more likel 
how up in ertical and overt ul 


elding and thu Iniash the efiect of 


ture; consequently all 


welding was 


150 °F 
PREHEAT 


done in the flat position with a-c current 
ising the amperages given in Table 2 
ind 
Ihe finished welds were machined to a 
mooth surtace X raving The 
defects in the X-ray were counted 


iterpass temperature, 


muall recorded a spots ol poros- 
ty pe! quinre ol weld 

Results of Porosity Teata lable 2 
ive thie esults obtamed on the effeet 
of moisture on the X-ray porosity of the 


multiple laye wel deposited in the 
flat position, ‘Table 2 not only gives the 
results for a given momture content in 


the coating but also the time required to 
ibsorb this amount of moisture when 
exposed under three different conditions 
that mia oceur mm service Since the 
rate of morsture absorption varies 80 
much among different brands, the time 


for the electrodes 


| ure nece i 


ifeient mowture to cause 
porosit more important than know 
ing the actual moisture level of the cout 
ng that produces the porosity 

is read een by comparing 
electrode Nos, band 2 electrode No 
2 does not produce porosity until the 
oating ha ibaorbed approximately 
moimture hereas No. 1 starts to 
und 2.0%; yet No, 2 
tbsorbs the critical amount of momture 


give poro it ine 
ipproximatel m about four 
hour Con pared to 65 hr for No 
both exposed at S3°), relative humidity 
ind 85° F temperature. Comparing the 
three groupes, the resuit in general show 
that the and b-7028 produce 


porosit it le time ol exposure than 
the b-7016 group Kleetrodes Nos, 2 
ind S are exceptions to this generaliza 
tion The ite absorption 
of No. S&S (1E-7OUS) is far less than that 
f o. 2 (h-7O16 


The beet evidence that the addition 


ron in an inerense in 


175 °F 
PREHEAT 


Fig. 14 Photograph of cruciform test weldment sections showing typical cracking 


in 3rd quadrant at 150” F preheat and no cracking at 175 


No. 1, 0.14% moisture 
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the rate of moisture absorption is shown 
in Fig. 5A. In this test, identical coat- 
ing materials were extruded on the core 
wire with the exception that iron pow- 
der was omitted from one set. While 
the difference does not show up so 
greatly on the '/ in. size, the difference 
is quite pronounced on the */,. in. The 
deleterious effect of moisture is greatest 
for the E-7028 in which the most iron 
powder is nsed, 

In generalizing further, the data show 
that no trouble from porosity in the 
welds from any of the electrodes will be 
experienced if properly dried and then 
exposed to conditions of 50% or less 
relative humidity, At 68% relative 
humidity exposure, electrodes Nos, 1! 
and 3 must be exposed longer than 300 
hr before causing porosity, but No, 2 
requires only approximately 30 hr ex- 
posure time. Electrodes Nos. 4 and 5 
(K-7018 group) require approximately 
10 hr exposure at relative humid- 
ity before causing porosity, whereas No 
% requires over 300 hi 

In the E-7028 group, electrode No. 7 
after 9 hr exposure at 
humidity and No. 6 


gives porosity 
relative 
around 150 hr 

At 83% relative humidity and 85° F 
temperature the time of exposure is 
short for all types and brands with the 
exception of Nos. | and 8. They re- 
quire around 80 he of exposure at these 
conditions before porosity shows up in 
the weld metal. The other brands and 
types vary from 1- to 5-hr exposure be- 
fore causing porosity 
Cracking Tests 

Preparation of Weldment and Method 
of Testing. Several types of weldments 
tried for cracking 
tendencies of the electrodes at various 


were testing the 


moiwture levels including (1) a tee 


fillet joint prepared by welding the 
vertical and horizontal legs at both 
ends; (2) a tee fillet joint clamped in a 
restraining jig;' and (3) a double tee 
or cruciform test weldment as shown in 
Fig. 13. 

The tee fillet weldments did not give 
uniform reproducible results, thus the 
cruciform test specimen was used for all 
the cracking data given in this paper. 

The test specimen welded together as 
shown in Figs. 13 and 14 was preheated 
uniformly to approximately 50° F above 
the testing temperature and allowed to 
cool back before the start of welding. 
The temperature was measured with a 
surface thermometer. After depositing 
the fillet weld the test specimen was 
allowed to cool in still air to the testing 
temperature before depositing the next 
fillet weld. All welds were made in the 
flat position. 

Amperages, volts and time required 
to deposit the 6-in. fillet were recorded 
for each weld. With these data the 
operator was able to deposit fillet welds 
of uniform size for each group. The 
size of the fillets are given in Table 4 
for each of the groups. The energy in- 
put given in Table 4 was calculated from 
the recorded voltage and 
time. 

After completing the four fillet welds, 
the weldment was held for 24 hr mini- 
mum and then stress relieved at 1200° 
F to facilitate machining. It was then 
cross sectioned into four L-in. wide speci- 
mens. The 
polished, etched and examined visually 
for cracks under a * 15 magnification 

Results of Cracking Tests. Table 3 
gives the results obtained for one of the 
h-7016 
establish a preheat temperature that 


perage 


specimens were ground 


electrodes used primarily to 


could be used for making a comparison 


Table 3-—Effect of Moisture in the Coating of an E-7016 Electrode and Preheat 
on the Underbead Cracking of Fillet Welds in the Cruciform Test 


(*/verin, size, 225 amp, reverse polarity, travel speed approximately 6 ipm, average heat 
input = 56,500 joules per in.) 


Pre heat 
Teat tem pe ralure, 


No 


Total 


morsture in 


coating, % 


Mesults 


Cracked in all 4 quadrants 
Cracked in all 4 quadrants 
Cracked in all 4 quadrants 
Cracked in all 4 quadrants 
Cracked in all 4 quadrants 
Cracked in 2nd, 3rd and 4th quadrant 
Cracked in 3rd quadrant only 
Cracked in 3rd quadrant only 
Cracked in 3rd quadrant only 
Cracked 

Cracked 

Cracked in $rd quadrant only 
No cracks 

No cracks 

No cracks 

No cracks 

No cracks 

No cracks 
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among the other brands and types. It 
shows that cracking could not be pre- 
vented with this test joint with less than 
175° F preheat regardless of how low the 
moisture was reduced in the coating. 
On the other hand, if 250° F and above 
preheat temperatures are used, crack- 
free welds are produced with moisture 
in the coating up to 1.00%. As a result 
of these data given in Table 3, a preheat 
of 175° F was used to test the other six 
electrodes and given in 
Table 4. 

Table 4 shows that all electrodes but 
Nos. 1, 5 and 8 cracked even when the 
moisture in the coating was reduced to 
its lowest manufacturing level. Num- 
ber 8, with a moisture content of 0.95°7, 
produced one weldment free of cracks 


results are 


but since we were unable to reproduce 
this result we question the first one 
Most of the cracking that developed in 
the weldments made with 
having the lowest moisture levels started 
from crater cracks and extended back 
along the fusion zone sometimes as far 
as the second section, giving a total 
crack length of 1 to 1.5 in. These can 
be attributed to normal stresses other 
than those caused 
order to test the effect of moisture or 
hydrogen in the weldment, these norma! 
This may be 


electrodes 


by hydrogen. In 


stresses must be reduced. 
accomplished by going to a higher pre- 
heat, lowering the carbon or alloy con- 
tent of the plate material and/or de- 
creasing the plate thickness. Thus fur- 
ther testing at higher preheats using this 
same weldment or one less restrained is 
necessary to really bring out these dif- 
ferences 

The difference in energy input among 
the different groups may also have an 
influence on the cracking tendency and 
more experimentation in varying the 
amperage, size of fillet weld and trave 
rate is necessary before drawing any 
final conclusions in a comparison of the 
three groups. The data do indicate 
however, that there is some difference 
in brands and types of electrodes in their 
resistance to underbead cracking when 
welded under locked-up stresses, and 
that reducing the moisture to the lowest 
level is necessary when fabricating high 
carbon or alloy steel at the lowest pos 
sible preheat and interpass tempera 
tures. The data also show the beneficia! 
effect of preheat in preventing cracking 
troubles when welding high-carbon and 
alloy steels. These data further indi 
cate that 250-300° F preheat and inte: 
pass temperature is sufficient to reduce 
the tendency for cracking when it is 
not practical to keep the moisture leve 
of the electrode coatings at their lowest 
values. 


General Discussion of Results 


The data preserted in this paper are 
insufficient to draw final conclusions on 
the comparison of the effect of moisture 
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in causing cracking of the weldment in 
normal service conditions among the 
E-7018 and E-7028 groups and 
brands. Ordinarily, these electrodes will 
not be used for welding alloyed steel 
under a highly stressed condition and 
there is not the necessity of keeping the 


moisture to the real low leve 


s such as 


normally required for the higher tensile 
electrodes such as the E-9016, F-10016 
and F-12016 groups. 

The data show, however, that a p: 
heat is the most effective means of 
eliminating cracking and perhaps the 
most practicable solution to such prob 
lems when encountered in service 
Where preheat is not possible reducing 
the moisture of the coating to its lowest 
level will be very helpful but 1s 
always the solution. The 
Figs. 3, 4, 5, 8, 9 and 10 that 
the electrode consumer to determine the 
methods by which it 1 most practi ible 
for him to keep the morsture level down 
and/or recondition the electrodes once 
they have absorbed a harmful amount 
As to a comparison between the con- 
ventional (-7016) and the iron-powder 
types (1-701S and the data 
show that the rate at which moisture is 
absorbed by the coating increases with 
the amount of tron powder ulded 
However, the difference in these mots- 
ture absorption rates among brands are 
quite wide and some brands of tron 
powder electrodes absorb moisture at 
lower rates than other brands of the 
conventional types. In general, it can 


| 


be assumed that to weld steels of high 
hardenability without preheat with low 
hydrogen electrodes of the 70,000) psi 
strength level it is necessary to reduce 
the moisture level of the coating to that 
value re juired for the higher tensile 
types It is not the effect of hydrogen 
in the weld metal but its effect on the 
base metal at or “ar the fusion zone 
that produces cracking and the 
hydrogen in the shielding atmo phere 
must be reduced to approximately the 
same level regardless of the trength 
level of the weld The greater ductility 
of the weld metal ma ise it to flow 
plastically in the lowe isile weld un 
der some conditions and enefi 
reducing the stress that causes tl 
derbead cracking Nevertheless 

safer practice to keep the mousture le el 
down for all strength leve vhen Usage 


is required under no preheat 


onditions 
For normal service condition the 

moisture level should b kept below 

that which causes porosit n the weld 

metal The data g Table 

should be helptu r lishing 

moisture level 

brands can tolerate a g 

moisture level belore 

than others but absor! 

higher rute the exposure tine 


conditions which porous 


JuLy 1056 


Table 4—E€ffect of Moisture on the Cracking Tendencies of Three Low-Hydrogen Groups of Electrodes in the Cruciform Test, Welded in Flat Position Using Reverse Polarity 
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more useful than ite actual moisture 


content, 
welds is perhaps the most important 


Freedom from porosity in the 
requirement of these electrodes, as- 
suming of course that they have the 
other good property characteristics of 
the low-hydrogen electrodes. The re- 
drying characteristics of the electrodes 
as shown by Figs. 8, 9, and 10 indicate 
that lower processing and recondition- 
ing temperatures can be used with the 
iron-powder types 


Conclusions 


The effects of moisture on three con- 
ventional low-hydrogen and five iron- 
powder low-hydrogen electrodes were 
investigated and compared. The rates 
of moisture absorption for the iron- 
powder types were, in general, higher 
than for the conventional types. How- 
ever, one brand of the conventional 
type had a higher rate than any of the 
others 

None of the types or brands of elee- 
trodes tested absorbed enough moisture 


to cause weld metal porosity at 50% 
relative humidity. All brands and 
types but two absorbed enough at 68% 
relative humidity but some required 
much less time than others. At 83% 
relative humidity they all absorbed 
enough to cause weld metal porosity. 
Both brands of the -7028 group re- 
quired only | to 3 hr, two of the three 
brands of the E-7018 group required 
only 4 to 6 hr and one of the E-7016 
group required from 6 to 7 hr at 838% 
relative humidity to cause weld metal 
porosity. 

The redrying 
similar within each group but the rates 
of moisture loss were higher for the 
iron-powder than for the conventional 


characteristics were 


groups. 

Because of the many factors other 
than moisture in the coating that cause 
cracking, no definite moisture content 
could) be established which 
cracking of the weldment would result 
in the limited amount of testing done 
It was 


above 


by the authors. established 


however, that low moisture contents 
were beneficial in reducing underbead 
cracking but that preheat was more 
effective and practical as a solution to 
cracking problems when welding me- 
dium high-carbon and/or alloy steels 
There seemed to be no distinction or 
preference between the conventional! 
and the iron-powder groups in the effect 
moisture had on the cracking tendencies 
as measured with the cruciform test 
specimen used in this investigation. 
The cruciform test, however, did offer 
better possibilities for measuring the 
cracking tendencies due to stress than 
any other method tried 
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Multiple Creep Rupture 
Testing Machine 


A new multiple creep rupture testing 
machine of the lever type in which four 
specimens can be held simultaneously 
under loads up to 4000 |b, is announced 
by  Baldwin-Lima-Hamilton Corp., 
Philadelphia 42, Pa 

A special four-specimen electric fur- 
nace under automatic temperature con- 
trol by an L&N single-point indicating 


and reeording controller will hold speci- 
mens at any temperature up to LSOO° F, 
A Varine voltage adjuster of 7 kva 


capacity is used for furnace control 
tunning time counters totalize to 10,- 
000 hr in 0.1-hr intervals 
ters can be used on specimens if desired 


Iextensome- 


A compound lever system gives a 
load ratio of 5O:1. 
louded in increments of 5 Ib. 


Specimens can be 
A feature 
of the creep machine is a dashpot in 
each of the lever systems which prevents 
transmitting shock and recoil from a 
breaking specimen to other specimens 
under test. 

Machines can be placed side by side 
since access is required only at front and 
rear. Furnace and grip assemblies are 
in front; controls and recorder on a reat 


panel. Test bar grips have * yin. diam 


heads, '/.-in. diam shanks, and 


internal threads. 
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PROPERTIES OF ARC-WELDED JOINTS 
BETWEEN ALUMINUM AND STAINLESS STEEL 


Paper describes proper method of joint preparation and 


design, and summarizes the available dala on the 


performance of metallurgically bonded aluminum-sleel joints 


BY M. A. MILLER AND E. W. MASON 


ABSTRACT. Tensile, bursting and ta 
tigue strengths of argon-shielded tungsten 
are-welded S004-0 tubs 
and aluminum-coated type 304. stainles 
approximated the typical 
strengths of unwelded 3004-0 tube of the 
dimensions Shear 
welded tubs 
aluminum-coated type S04 


joints between 
steel tube 
same strengths ol 
tungsten 
6061-TO an 
stainless stee) were only a little lower 
when made with 4043 filler metal, than 
the ty pical shear strength of cast 45 alloy 
The effect of postheating on the shear 


jomnts between 


strength of alumimum-steel joints made in 
various wave indicates that welded tube 
joints might operate safely at tempera 
tures up to 500° F for long periods of time 
without serious loss of shear strength 
Thermal shock eveling tests between 
room temperature and 500° F on brazed 
aluminum-type 447 stainless steel joints 
suggest that are 
aluminum and stainless steel tubes will 
be able to withstand this type of treatment 
without damaging effect 

Available data indicate that aluminum 
tube-stainless steel tube 


welded joints between 


joints will have 
an adequate resistances to corrosion mn 


many environments 


Introduction 


Interest in methods of fusion joining of 
aluminum alloys to steel, either for direct 
an intermediate or transition 
joint for attachment to copper or othe 


rensed 


brazed alu 


use or as 
metais and allovs, has ime 
though the senior author 
minum to steel many ears ago, onl 
since the cde velopment ol inert-ga 
welding have 


shielded  tungsten-ar« 


techniques been perfected for welding 
such joints 

A number of aluminum alloys can be 
tungsten-are welded to aluminum-coated 
stainless steel, with or without added 


filler metal, providing the welding ts 
done in such a way that the are “favors 
the aluminum portion of the assembl 
This permits wetting and metal flow ove 


the aluminum coating without slhiatt 


. A. Miller i« Assistant Chief 


n luminur 
* Head, Apt 
Divison, Alu 
New Kensington, Ps 
Presented at 1956 AWS National Spri 
held in Buffalo, N. Y., May 7 
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ing or increasing the thickness of the 


iron-aluminum compound — interfacial 


laver.' 

This papel describes the prope 
method of joint preparation and design 
ttlable data on the 
performance of metallurgically bonded 
Particular at- 


tention is directed to inert-gas shielded 


and summarizes ay 


aluminume-steel joints 


tungsten-are-welded joints between 
aluminum and aluminum-coated stam 


less-steel tubes 


Preparation of Joints 
An aluminum coating has been found 
to be the most satisfactor 


aration for steel prior to brazing o1 


uriace prep 
welding it to aluminum alloys The 
aluminum coating can be applied by 
dipping the cleaned steel, with or with 
out fluxir 
1275 to i: 


r into molten aluminum at 


| Alternatively, small 
| 


eel parts can be rub-coated 


aluminum © ilumimum-silicon 


bv the use of a suitable aluminum 


pical micrograph at 
interface of a 
coating and type 
The interfacial tron 
is rather thin mn 
er obtained with 
This effect had 

\ dob Stroup 
Purdy coated 
aluminun 


the feel he 


prope 

iluminum-silicon 
tungsten-are 
lded to mith the usual pro 


cedure, The n 


ibserved are to (a 


precautions to be 
keep the ive on the 
aluminum portion of the assembl in 
order to avoid shattering the brittle in 
terfacial laver and (6) to flow the molten 
aluminum filler metal over the coated 
steel in the sami anner a8 used in 
brass or bronze bra y with a torch 

t pical section through a tube-to 
tube joint, at * 20 magnification 
shown in Fig. 2. Th in argon 
shielded tungsten-are weld made with 


1100 alloy filler metal between 6061-T6 
tube and aluminum-coated type S04 


stainless steel tube. The steel was pre 
pared by dipping for 20 sec in molten 


1100 alloy 27 using an 


Micrograph at X 500 showing 
interface of aluminum-silicon alloy 
(top) and type 304 steel 
(bottom) resulting from application of 
No. 718 brazing alloy by rub-coating 
the steel. Keller's etch 


Fig. | 


stainless 


Fig. 2. Micrograph at X 20 showing 

the interface of tungsten-arc-welded 

joint between 6061 tube (to left) and 

1100 alloy-coated type 304 stainless 

steel (bottom) made with 1100 alloy 

filler metal. As-polished. (Reduced by 
upon reproduction) 


tliminum and Stainless Steel 


brazing fl 
- 
— 
Meeting 


Fig. 3 


right and weld metal at right 


minum coating flux. The uniform flow- 
out of filler metal over the coated steel 
is apparent 

Figure 3 is a micrograph of the inter- 
face of a properly made arc weld between 
H063 alloy tube and type 304 stainless 
steel tube. The latter had been hot 
dip-coated with 1100 alloys. The filler 
metal for welding was 4043 alloy. Com- 
plete and uniform bonding has taken 
place. 

If the welding ar 
steel, 


“wanders” over the 
aluminum-coated cracking may 
take place between the steel and the 
iron-aluminum alloy Figure 4 
illustrates this condition. Such cracks 
do not heal and can be a source of weak- 
Properly 


layer. 


ness or leakage in the joint, 
joints good 
properties and are vacuum tight. 


made have mechanical 
Figure 5 illustrates both good and poor 


designs of are welded aluminum-steel 


joints. Emphasis has been placed on 
directing the are on the aluminum mem- 
her of the Whenever a 
molten aluminum pool can be built up 
and flowed 


assembly 


on the aluminum member 
steel 
chance of making a satisfactory weld. 


onto the coated there is a good 
Mechanical Properties 


Vechanical 
joints 


tungsten- 
aluminum 


properties of 
are-welded hetween 
alloy tube and aluminum-coated stain- 
less steel tube indicate that properly 
made joints will be suitable for specific 
applications 

For evaluating the shear strength of 
joints, argon-shielded tungsten-are welds 
were made between * yin. LPS 6061-T6 
tubes and '/»in diam aluminum coated 
type 304° stainless using 
W453 alloy filler The type of 


specimen used is shown in the lower part 


steel tubes, 


metal 
of Fig. 6. After machining off portions 
of the weld bead, the joints were pulled 
in tension, Figure 7 shows the results 
as a plot of breaking load and the aver- 


$24-s8 


Micrograph at X 100 showing interface of arc- 
welded joint between 6063 tube and 1100 alloy-coated 
type 304 stainless steel tube made with 4043 filler alloy. 
Steel is at left bottom, original aluminum coating at top and 
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Fig. 5 Aluminum-steel joints for arc welding 


age shear strength versus nominal fillet 
length. The breaking increased 
linearly with increasing fillet length, re- 
sulting in an average shear strength for 
all joints of about 10,500 psi. ‘This is to 
be compared with «a typical shear 
strength of 14,000 psi for cust 43 alloy. 
Tensile and hydrostatic strength tests 
were made on aluminum-stainiess steel 
tube joints. For these tests, joints were 
made between socketed * OD x 
0.049-in. wall 3004-0 tube and 4/¢-in. 
OD x 0.020-in, aluminum-coated 
type 304 stainless steel tube. The upper 
specimen in Fig. 6 illustrates this type 
of joint. Table | summarizes the data. 
The average tensile strength of about 
28,000 psi is in good agreement with the 
typical tensile strength of 3004-0 alloy, 
26,000 psi. The bursting 
strength of 5670 psi approximates the 
bursting strength listed for */s-in. x 
0.049-in. wall 3004-0 tube 
Fatigue tests were 


loud 


wall 


average 


also made on 


CoaTeo 


Fig. 4 Micrograph at X 500 showing the end of a 0.018 
in. long crack between type 304 stainless steel (fop) and 
iron-aluminum compound layer (center) resulting from the arc 
striking the 1100 alloy coating (bottom) 
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Between 3004-0 and Aluminum-Coated 
Type 304 Stainless Steel Made with 


Table 1—Mechanical Properties of 
Tungsten-Arc-Welded Tube Joints 


4043 Filler Metal* 


Fail “re 


Psi in 


Tensile strength 


27,100 Weld 
28, 000 3004-0 tube 
28. 600 4004-0) tube 


27,000 (avg) 


Bursting pressure 


5,900 Weld 
5, 600 Weld 
5,500 Weld 


5,670 (ave 


in 


welded 


in 


Aluminum and Stainless Steel 


* 0.376-in. OD x 0.020-in. wall alum- 
um-coated type 304 stainless steel tube 
to flared O0.376-in. OD x 0.04%- 


wall 3004-0 tube 
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AVERAGE SHEAR STRENGTH 


Fig. 6 Photograph of arc-welded 
aluminum alloy-stainless steel! joints 
used in this investigation (aluminum at 


right) 


BREAKING LOAD 
AVERAGE SHEAR STRENGTH - 


similar joints in a rotating cantilever 
heam fatigue machine the type used 0.06 068 


sting tul ~fitt milies Th 
tor 1 NOMINAL FILLET LENGTH ~ INCHES 
results are plotter in y. S, together 
Fig. 7 Strength versus fillet length 
with a band previously determined for 9g 9 9g 
‘ beam fatigue tests o 
rotating cam ‘ n sor keted in. OD x 0.0385-in. wall 30038 Her and Cooke ind Levy’ have 
am x 0.035 wall annealed coppe 
diam wall annealed tube and OD x 0.020-in, wall usly pointed out that post heating 
tubs itu alumimum-coated type J04 stainless essure welds between aluminum 
allo. ihe. Of » thr spec ns 
alloy tubs f the 1 2. steel, made with , in. diam 4043 filler ind steel would, under proper conditions 


uted the one stressed at 12.000 vs 
tested, the _ ressed at 12, pel wire at 30 amp and 10 1/hr argon Phe increase the tensile trength of such 


veloper rea ul tube 
developed a wk in the aluminum tube wverage bursting pressure was 3100 oint loo rh a temperature ot 


at the base of the soc ket after 340.000 psi, equivale it to a ealeulated long! iv ne at el ited tempera 
cycles of stress Phe test on the aspect tudinal stress internal pressure in how r. decrens . jount strength 
men stressed at 14,600 psi was discon- x ID in inch divided 
tinued after 116,000 cycles because of a thickness in inches) of 6750 psi ‘ Ivlecot« data’ as shown in 
break at the end fitting, wholly unrelated . ‘ 9 The as-welded shear strenath 
Postheating of Aluminum-Steel 


removed act afte oints 
not fail, and was removed intact alter J tlumminum-steel joints decreased to about 


21.787.000 cycles of stress As the re Although the authors have no data 1500 psi after postheating for 30 min at 
sult of these exploratory tests, it was at present on the effect of postheating 930 | ind to about 650 pei alter post 
concluded that although fatigue failure on the properties of are welded alumi heating for 30 min at 1110° } 


may occur at the welded jomt lightly num steel joint of the type dese ribed in These decreas n shew strength are 


before failur vould be expected in a this paper, ap} ible data are available probably due to diffusion resulting ip 


by 2 & wall he illustrated by replotting 


to the joint. The third specimen did out 12,500 psi for pressure welded 


continuous 3004-0 tube, the fatigue in published literature on pre in increase in the thickness of the iron- 
resistance of this type of joint can be welded and cast-bonded alunmunun ee! elevated 
expected to be nearly as good as that of a jointe Some of this published inform: : HUD COM POUnG at elevates 
continuous tube without the welded tion has been assembled into new rel temperature For pressure welded 
joint tionships that orrelate the effect of Hluminum-steel joints made at low de- 
Finally, bursting pressure tests were postheating on all types of metallurg formation 
lly bonded aluminum-steel joints of time at intermediate temperatures in 


postheating for short periods 


made on are-welded joints between en 
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Fig. 8 Cantilever beam fatigue data for welded alumi- Fig. 9 Effect of postheating temperature on shear strength 
num tube to stainless steel tube of pressure welds between 0.048-in, thick aluminum and 


steel made with 53% deformation by Tylecote 
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Fig. 10 Effect of postheating on shear strength of pressure welds between 
0.048-in. thick aluminum and steel made at various deformations 


creased the shear strength of spot lap 
joints, possibly traceable to consolida- 
tion of thé bond through diffusion proc- 
esses as discussed by Miller and Oyler.® 
This can be illustrated by Tylecote’s 
data replotted in Pig. 10.4 Bonds made 
at 35% deformation had substantially 
no strength in the as-welded condition. 
After postheating for 30 min at 750° FP, 
the shear strength was increased to over 
10,000 pei 
tially no change in bond strength of 
deformation 


There was, however, essen- 


joints made with 53% 
when postheated under the same condi- 
tions 

Long heating periods at comparatively 


12000 


low temperatures decrease the strength 
of aluminum-steel joints. Some perti- 
nent data have recently been published 
by Mohler® for cast bonds between 
aluminum and steel. The authors have 
assembled some of Mohler’s data into 
the semilog plots shown in Fig. 11. It is 
believed that such a generalized con- 
cept has not been presented previously 
Also shown are points obtained by 
Tylecote* on pressure welds. The good 
agreement for the 800° F data, from 
these two different sources and methods 
of joining aluminum to steel, strongly 
suggests that the same performance can 


f ROOM TEMPERATURE STRENGTH 


be expected from aluminum-steel arc 
welds. 

A number of conclusions may be 
drawn from Fig. 11. As shown, the 
slope of the log-time versus shea: 
strength line for any given temperature 
becomes increasingly vertical as the 
temperature increases. The plot shown 
is, therefore, consisterit in that: (a) at 
room temperature the shear strength 
should remain essentially 
at infinite time, i.e., the lines should 
become increasingly horizontal as the 


unchanged 


temperature decreases, and (b) at the 
melting point of aluminum, the steel 
cannot long remain without being dis- 
solved, i.e., the lines should become 
increasingly vertical as the tempers- 
ture imecreases. 

This suggests that growth of the iron 
aluminum alloy layer is responsible, and 
the logarithm of loss in shear strength) 
per unit time versus the reciprocal of the 
absolute temperature should result in a 
straight line. Figure 12 shows that the 
deviation from linearity is not great 
over the range 400 to 1100° F 
ing is an equation of the form: log 
psi/hr) A/4.576T + C. This 
equation is of the same order as that 
found by the senior author a number of 


result- 


years ago for the logarithm of the in 
crease in thickness of the interfacial iron 
aluminum compound layer per unit time 
as a function of the reciprocal of the 
absolute temperature of immersion of 
steel in molten aluminum. From the 
data given in Fig. 13, the equation of the 
curve for aluminum-silicon alloys as a 
function of the dipping temperature for 


AVERAGE SHEAR STRENGTH AT ROOM TEMPERATURE, 


AVERAGE CURVE BASED 
ON MOHLER'S DATA 
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TYLECOTE'S OaTA 
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Effect of postheating on shear strength of aluminum-steel joints as a function of the logarithm of time 
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aluminum-steel joints per hour versus reciprocal of rocal of absolute temperature for Al-Si alloy coatings ap- 
absolute temperature plied to steel in 10-sec 


0.96 0.98 1.00 1.02 1.04 1.06 1.08 
i/T » 105 ABSOLUTE 


a constant time of 10 see us: low (+ thick The procedure us to place the alu osion occurred fairly uniformly 
ness Fe-Al/10 sec) A/4.576T + C minum-stainiles teel containers, with over } surface of the aluminum, 


It would therefore seem safe to assume water in them, on a hot plate vith | on ! ing free access to 
| rates were of the 


that aluminum-steel lap joints would surface temperature of 500° F if Orrosion 
exhibit no serious loss in shear strength container was permitted to boil ear, after the for- 
after long periods at 400° I since Fifteen minute ifte the water had 0 n ‘ vo weeks ol exposure, 
are-welded aluminum-steel tube joints completely evaporated, and with the ich corresponded 
are more effective in shear because of containers still remaining on the hot toub ) rial duminum 

their symmetry than are lap jonts, they | 150 ce of cold New Kensington t} " ling ection, cycle 
would probably suffer less loss in shear ap water was added to each con furnace-brazed 


strength than Mohler’s data indicate tainer to « ite a thermal shock Keach lun imniestau ontamers were 


Cyclic Thermal Shock of 50 eveles required about one hour | wl \ mecopie examination of 


Though little information has been 


Visual examination of the containers iluminum coating on the steel and 
. the 50 thermal shock treatments ( Drazen n fter over 27 hr of 
published on the effes t of rapid the Ge po boiling New Kensington tap 
eyveling or of thermal shock on alu nies steel joints evidence of corrosion 


steel joints. it is known that stee 
minum-steel joints, it is} cel A detailed metallographic examination 0 ving hock tents, 


backed aluminum bearings and brake : 
of sections throu the brazed joints ere prepared for 


s as well as alumi stones 
drum vell on after the teat howe good honding and | the resistance to 


with bonded ferrous alloy ring carriers 
no evidence of bond ha Inge been if tainless steel 


! aircraft cylinders nd 
ind aluminum-finned au i mader aflactad tw the avel theemal shocl vere tested in hath 


have operated successfully for a number 
treatment } bra ondition and with the 


of years 
il i w removed from the 
tungsten-arc-welded nuin-stain Resistance to Corrosion © type 347 stainless 
be of interest first to consider ; hn ol I iluate the resist 


(Jualitative tests have shown that 


less steel tube joints could be quenched It ma 
from 500° F in cold water without an related data on resistance to corrosiot ros! containers, 
visible detrimental effects. A more ex- before presenting the information so far t water (a water 
tensive series of tests. the results of available on welded sining bh ile which promote 


which are probably applicable to are- joints a y attack of aluminum) with 500 
welded joints, has been made on brazed The corrosion in pure water at 350° | 
about the upper 

aluminum-steel joints. These tests of aluminum alloys electrically coupled 
hlorile tap water in the 

were made on composite containers to t pe S02 stainiess teel. has heen 


on i Stat Wie 
consisting of a 0.032-in. thick hot dip investigated — by P. ©. Strom and os us used 


aluminum-coated type 347 stainless ssociates.” hey concluded that under ntainer was filled with 225 e« 
steel sheet bottom furnace brazed to a these conditions aluminum alloys may iter, placed on a hot plate and 
3-in. length of 0.040-in. wall x 3'/-in he used for structural applications with ) l for S hr each day for 60 days At 


diam 6063 allov tube out undergoing excessive corrosion t iver the week ends, the water 
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remained in the containers at room 
temperature. The water was changed 
each weekday and evaporation losses 
during boiling were compensated by 
periodic addition of distilled water. 
The total exposure period was 3 
months. Visual the 
composite exposure 


examination of 

after 
of failure at the 
brazed aluminum-stainless steel joints 
A detailed metallographic examina- 
tion showed that the maximum depth 
of attack into the aluminum coating 
on the type 347 steel was 
0.4 mil. This attack was confined to 
the aluminum coating, which was 2 mils 
thick, and had not penetrated to the 
steel substrate. The average depth of 
attack on the 6063 aluminum alloy 
side walls was about 2 mils. It is 
apparent that although both the alum- 
inum and the coating on the steel were 
attacked by this severe exposure, the 
depth of attack was shallow. Even in 
the the steel 
hottom, there was no significant pitting. 


containers 
revealed no evidence 


stainless 


case of bare stainless 


Corrosion tests were alwo made on 
tungsten-are joints 
4004-0) tubes and aluminum coated type 
304 stainless steel tubes, made with 4043 
alloy filler metal. After 4 months of 
exposure to 3'/:% NaCl intermittent 
spray, microscopic examination revealed 


that the average depth of attack in the 


welded between 


aluminum was 2 mils 

Finally, a series of exposure tests was 
carried out on tungsten-are welded joints 
consisting of socketed */,in. diam x 
0.035-in. wall 3003 tube to */ in. diam 
x 0.020-in, wall 304 stainless steel tube 
coated with 1100 alloy and welded with 
4043 filler metal. Prior to exposure, the 
ends of the welded tubular sections were 
sealed — the aluminum ends were welded; 
the steel ends were closed with rubber 
stoppers and an appropriate adhesive 
to confine the attack to the exterior sur- 
The results are summarized in 

Though exposure to hot New 


faces 

Table 2 
Kensington tap water resulted in severe 
pitting and «a high bursting 
strength, 6 months’ exposure to a stand- 


loss in 


ard salt spray test was virtually without 
effect. The welded joints were visually 
unaffected after 12 
either to elevated temperature humidity 


months’ exposure 


or to an industrial atmosphere 


Summary and Conclusions 

tungsten-are-welded 
alloys and 
steel have 


Argon-shielded 
joints between 
aluminum-coated 
mechanical 


aluminum 

stainless 
satisfactory properties 
When yomnts 
can be sound and vacuum tight. The 
shear strength of are-welded aluminum- 
the 
shear 
made in 


proper ly made, welded 


same order of 
strength of 


jomte is of 
the 
joints 


stee! 
magnitude as 
aluminum-stee! 
ways, 


Miller, Mason 


Table 2—Results of Exposure of Arc-Welded Joints Between 3003 Aluminum 
Tube and Aluminum-Coated Type 304 Stainless Steel Tube Made with 4043 Alloy” 


Esposure 
Unexposed 
NaCl intermit- 


tent spray at room 
temperature 


New Kensington 
water, 180° F 


tap 


100°, relative humid- 
ity, 125° F 

New Kensington indus- 
trial atmosphere, 


ARL roof 


Pert 


montha 


0 


lverage 

bursting 

nl, pressure, 
par 


3100 Al 


2080 


600 


Socketed 


Ditto 


Site of 

failure 
uminum tube 
wall 


Remarks 


General attack of ex- 
posed 1100 alloy coat- 
ing 1043 
welds generally rough- 
ened; mild attack on 
3003 tube 

Sites of deep localized 
attack in 300% tube at 
weld junction; little 
attack on 1100 alloy 
eoating; no attack on 
4043 welds 

No visual 
corrosion 

No visual 


corrosion 


area 
in aluminum 
tube through 
pit 


on steel 


evidence of 


evidence of 


* Socketed */,-in 


OD x 0.035-in 


wall 3003 


tube to 1100-tube to 1100-alloy-coated 


*/ein, OD x 0.020-in. wall type 304 stainless steel tube, welded by argon-shielded tung 
sten are, using '/j-in. diam 4043 filler and 10 1/hr argon at 30 amp 


Table 3—Shear Strength of Various Aluminum-Steel Joints * 


Vethod of joining 
Tungsten-are welded 
Furnace or dip brazed 
Pressure welded 
Cast bonded 
Cast bonded 
Cast bonded t 
Cast bonded 

Avg 


ype of joint 
Tube shear 
Tube shear 
Spot shear 
Lap shear 
Tennon-lap shear 
Tennon-lap shear 
Insert-disk shear 


Average 
shear 
stzength, 


Refer nce 


This 


pst 
10,500 
12,000 
11,500 
10,750 
14,250 
10, 250 
8,000 
11,000 


paper 


* Van Someren’ has reported on the strength of are-welded aluminum alloy-aluminum 
sprayed steel fillet joints; his results when calculated as shear strength are approximately 


5000 to 15,500 pa 


+ Cast iron; remainder steel 


Table 3 summarizes 


shea 


r strength 


data for four different methods of mak- 


ing aluminum-steel joints 
welding 
All of these methods produce 


brazing, 
bonding. 


pressure 


and cast 


aluminum-steel bonds having essentially 


the same shear strength 
Based on published information on 


aluminum-steel 


ways, it can be expected that the shear 
strength of are-welded aluminum-steel 
joints may not be too adversely affected 


joints 


11,000 pai. 


made in 


other 


s 


by long exposures to temperatures be- 1 


low about 500° F, 


Aluminum-steel joints can withstand 
cyclic thermal shock between at least 


500° F and room temperature ' 


Metallu rgial 


The resistance to corrosion of tung- rhe 


Aluminum and Uses Thereof 


3 


sten-arce-welded aluminum-stainless steel 


severe environments. 


Aluminum to Steel 
joints is adequate in all except the most March 


Aluminum and Stainless Steel 


Other Metals 
are welding, 7 


Processes 
Bonding of 
11 

sure Welding 


Welding Aluminum at 
Tue 


peetancy of 
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INVESTIGATION OF STATIC AND FATIGUE 
RESISTANCE OF MODEL PRESSURE VESSELS 


Results of investigation sponsored by PV RC 


indicate remarkable performance for vessels subjected 


to extreme static and cyclic loading 


BY JULIEN DUBUC AND GEORGES WELTER 


Summary These fatigue tests on model pressure ( Qualiheation tests for welding 
the vessels have shown that the greatest procedures 


A research program, defined by 


Pressure Vessel Research Committee of attention should be given to design d) Static tests of model pressure 
the Welding Research Council, was details in order to minimize stress con vessels at room and subzero 
carried out to determine static and centration effects and thus fatigue temperature 

fatigue resistance of pressure vessels failures . Fatigue tests of model pressure 
The tests were made on model vessels Introduction vessels at room temperature, 


tof A paper presents the results of static Preliminary Materials Tests 
sade A steel and of A-s02 made ( ; 
ajeal ind itigue tests on model pressure The preliminary materials tests com- 
: a vessels, performed from October 1951 prised chemical analyse static tensile 
“ny te t we re = . 1 out at +70 until the end of September 1955, in the teats and Charpy impact teste 
at At both temperatures Research and Development Labora The tent 
. e A-302 teel vessel howed much tories at Ecole Polytechnique Montreal a our different plates of 3 . be. 
— This research program Wis earned out thickne dimensions about 1! 2X 3 ft) 
A-2 me under the sponsorship of the Fabrica from the same stock of materials used 
: | lar tion Division of the Pressure Vessel in the model pressure vessel shells and 
pertectiy ductile manner; 4 similar Research Committee, Welding Research le 


vessel tested at 50° F broke in a 


Counce in accordance with action 


completely brittle fashion with no taken on August 2, 1951, at meetine ASTM A-201, 
isible plastic strain. of the Subcommittee on Testa ol ow Cirad steel! 

Under fatigue loading these model Ajioy High-Strength Steels in Pressure b) Plates Band D: ASTM A-302, 
vessels have exhibited a surprising life Cuneta Grade B steel 


of more than ID cye les at stresses near The following procedures were dex ided 


the ultimate strengths of the respective Plates C and LD hal, along their 


materials ale Two types of steels would be middle, a butt weld which was trans- 

The most vulnerable places in the used in the fabrication of 14 model erse to the rolling direction of the two 
shell were in openings for attachments pressure veasels. seven of ASTM A-201 half-plates The welding was done at 
in the form of nozzles. The heads were Grade A and seven of ASTM A-302 the same time as for the model pressure 
also found to be a weak zone the vessel shell Plates A and B were 


A reassuring result was that, despite unwelded 


vessels should come from the same heat 
the numerous undesirable punch marks 2. The tests performed would be as Chemical Analyses (Mill Report) 


” The steels used in the fabrication of 


scratches, shallow Charpy V_ notches olle 


and welder’s markings stamped deeply 


: on the external surface of the vessels, no a Determination of chemical and the model pre ire vessels had the 
fatigue crack occurred In these mechanical properties of plate following Composition 
intentional defects. Even very severe 
notches milled deeply in the shell have . ' 
( Vn 8 Si Mo 
caused failure in only one vessel 
No failures occurred in the shell A-201, Girade A 0 14 O O44 0 20 
Crrade 15 0 It 0 026 O32 0 27 
proper, and the seam welds failed in ule | 
only one out of 9 vessels tested in 
fatigue 
“tock Static Tensile Tests 
h Charpy impact tests of plate ASTM standard test specimens with 
Professor of Applied Me j ture range down to the tem ength of 2 in ere taken from each 
technique, Montreal, Canad , , 
perature yiving o ft-ib in priate it! thei longitudinal 
Paper presented at 1956 AWS National Spring 
Meeting in Buffa N.Y 1 7 rolling direction of plate paraliel to the rolling direction; Mm 


W V odel Pre essels 320-8 


Jt LY 1956 Dubuc 


‘ 

| 
fi 

| 

i 

| 

| 
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Table |—Static Tensile Tests on Plate Materials Used for Fabrication of Model Pressure Vessels 


Yield ''ltimate Reduction 
Plate Specimen strength, strength, Elongation, of area, 
material Vo.* pe Remarks 
4-201, Grade A 34,500 4,000 41.5 ‘44 Both specimens normalized at 
A-2 44,700 54,400 30 63.5 1700° F for '/, hour 
(10 36, 400 55, 000 $8.5 (4.5 Both specimens tested as-rolled 
(11 36,250 58, 800 65.3 
A-W2, Grade 76,400 97 , 200 20 62.0 Both specimens stress relieved 
14-8 76,000 46, 000 25.5 63.0 at 1150° F for 1 hr 
1-10 78,200 05,000 23.0 Both specimens stress relieved 
78,000 93 900 22.5 59.8 at 1150° F 


plates C and D the specimens were 
taken in the plate material only, away 
from the weld. 

The results of the tensile tests are 
given in Table | 

Two standard test 
specified by the Boiler Code, were also 
machined from plate D with their 
longitudinal axes parallel to the rolling 
direction of the plate while the butt 
weld was located at the middle of the 
gage length. The results of these tests 
are given in Table 2. 


Charpy Impact Tests 

In order to determine the transition 
temperatures of the two used, 
Charpy impact test specimens were 
taken from plate A of A-201, Grade A 
steel and plate B of A-302, Grade B 
steel. They were cut out of the plates 
with their longitudinal axes parallel to 
the rolling this direction 


specimens, as 


steels 


direction; 


* The letters A, B, C or D in the Specimen No. refer to the corresponding plate materi: 


fired Pressure Vessels, Section VIII, 
1949 edition, paragraph U-68. The 
shells were press formed, at tempera- 
tures ranging from 1450 to 1800° F, in 
halves which were joined by two longi- 
tudinal weld seams. For welding of the 
A-201 vessels, no preheat used : 
the A-302 vessels were welded with 
300 to 700° F preheat. All shells were 
stress relieved at 1150° FP, 

Figure 2a also shows the design of 
the fat heads used at the beginning of 
these tests and the method of welding 
them to the shell. 

After the first fatigue had 
shown that these flat heads brought 
about premature failures at both ends 
of the shells, caused by the high stress 
concentration due to the right angle in 
the region of the joint, they were 
replaced by semielliptical heads and 
eventually by hemispherical heads (as 
shown in Fig. 2a). 


was 


tests 


Table 2—-Static Tensile Tests on Boiler Code Standard Test Specimens from Butt- 
Welded Plate D of ASTM A-302, Grade B Steel 


Yield point, 


Spe crmen 


\u pr 
70,800 
2 S00 


Ultimate 


strength, 

pat Remarks 
8u, 500 Failure in weld 
91,000 Failure in weld 


corresponds to the circumferential direc- 
tion on the model pressure vessels. 

These Charpy specimens were of the 
keyhole type and the keyhole itself was 
reamed to ensure a smooth and uniform 
surface at the point of highest stresses. 

The Charpy impact tests were carried 
out at vanous temperatures ranging 
from +73 to —90° F; at each tempera- 
ture chosen, three tests were carried out 
to obtain a good 
absorbed energy. 

The variation of energy 
with temperature is shown graphically 
in Fig. 1 


Design and Fabrication Procedure 
of Model Pressure Vessels 

The dimensions of the model pres- 
sure shell are shown in Fig 
2a. These vessels were constructed in 
Un- 


average value of the 


absorbed 


vessel 


accordance with ASME Code for 


Dubuc, Welter 


Figure 2b shows a section 
through the nozzle attachments of the 
square-edge and of the rounded-edge 
nozzles which were installed only on 
vessels tested in fatigue under constant 
maximum eyclic pressure. 

All vessels tested under fatigue were 
filled with a steel core, the diameter of 
which was about '/, in. less than the 
internal diameter of the shell. The 
purpose of this core was to decrease the 
oil volume to a minimum value so that 
its compressibility would be negligible 
and thus the oil volume to be supplied 
by the pump at each pressure cycle 
would be a minimum; this would pro- 
duce a maximum number of pressure 
cycles per minute with a given pump. 


cross 


Development of High-Pressure 
Equipment for Static and Fatigue 
Testing of Pressure Vessels 


Air-Operated Hydraulic Pump 

This equipment can operate up to 
10,000 psi which was well above the 
pressures required in this testing pro- 
gram. It is shown in Fig. 3, with the 
automatic control panel. 

This arrangement worked very well 
and many fatigue tests were completed 
with it. However, it could produce only 
2 or 3 cycles of pressure per minute 
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Fig. | Transition temperature tests with reamed keyhole Charpy specimens of 


A-302, Grade B, and A-201, Grade A steels 


Model Pressure Vessels 
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” would be about 80,000 (more or less 


depending on pressure) per period of 
2% 2a 
ic eats 24 hr. which make this type of fatigue 
PRESSURE VESSEL SHELL test more pri tical 
Static Tests on Pressure Vessels 
FLAT OIL INLET For the state testa, the internal 
HEAD “NOZZLE pre was applied to the pressure 
} vessels by a manually controlled air- 
a, operated hydraulic pump, deseribed 
1 2. above The pressure was increased 


gradually and maintained constant at 
every 500 pai to permit strain readings 
to be taken 

HEMISPHERICAL HEAD The strains were measured at mid- 

length of the vesseis on the internal and 


ASS, 
external surfaces, with SR-4 strain gages 
a and three Huggenberger extensometers, 
ale Variations of the shell diameter and 
circumference were measured with 
” + s micrometer dial gages with a precision 
"4 po of 0.001 in. per division 

0.0. {. Static Tests at Room T'em perature 
Set + 70° I Vessel! A of A-201, Grade A 
Steel The longitudinal and circum- 
ferential strains at the external surface 
of the shell at positions Nos, 11, 12 Bs) 
f ind 14 are shown as functions of the 

Fig. 2(a) Dimensions of model pressure-vessel shell and of interna! pressure ™ Fig. 5 
the three types of heads From these curves, It 18 seen that 
vielding, beginning at the proportional 
t definitely occurred for this 
which was found somewhat slow for booster was added in the hydrauli material (A-201) at an internal pressure 

this research program, and another cireuit between the pump and the of 3500 pei 

pumping unit with a higher oil volume pressure vessel tested; this booster When circumferential and longitu- 
output under pressure was sought. increased the pressure by a factor of 2 dinal stresses are calculated from expert- 
Axial-Piston-Type Hydraulic Pump This equipment pertorms very reli mental strains, thei ratio is found to be 

This pumping system was assembled ably and can apply @ maximum pressure 143. while the theoretical ratio is 2.0 
and proved entirely satisfactory, it is of 7000 psi to a vessel about 20 times a Rupture of the vessel occurred at an 
shown in Fig. 4, with its automat minute; at lower pressures the number nternal pressure of 6250 pst As shown 
control panel. It comprised an axial- of pressure cycles per minute Is prope! in Fig. 6 (vessel A), the primary failure 
piston-type hydraulie pump which de- tionally higher Moreover, a second vas longitudinal ind about J'/, m 
livers a constant volume of 10 g il of oi similar pumping unit was built and i away from the i ngitudinal seam we lc 
per minute under pressures varying up also available for such tests. Chis fracture wa ductile and had a 
to a maximum of 5000 psi. This pump Our present installations will permit hear plane at 45 deg with a plane 
is powered by a 25-hp electric motor fatigue testing ol three model pressure tangent to the shell The total |e myth 
Since many fatigue tests required vessels simultaneously and the total of the cracks was 43 in. The hiah 
pressures higher than 5000 psi, a pressure number of cycles of pressure apphed plasticity of this material is shown by 
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Fig. 2(b) Cross section through nozzle attachments 


Jury 1956 Dubuc, Welter Vodel Pressure Vessels 331-8 


SEMI-ELLIPTICAL HEAD 
2"¢ 
y 
| | 
‘ 
| | t 
4%. 
| 


the impressive increase of the diameter 
at mid-length of the shell and the very 
pronounced bulging out under this pres 
sure 

Vessel N of A-302, Grade B Steel: 
Figure 7 shows the longitudinal and 
circumferential strains at the external 
surface of the shell at positions Nos. 8, 
9, 12 and 13 «as functions of the in- 
ternal pressure, 

From these curves it is seen that 
yielding, starting at the proportional 
limit, began for an internal pressure of 
about 6000 psi 

When circumferential and 
tudinal calculated 
experimental strains, their ratio is found 
to be 2.08 

Rupture of the vessel took place at an 
internal pressure of 7750 psi without 
any visible external plastic deformation 
of the shell. As shown in Fig, 8 (vessel 
N), failure oceurred through «a 7-in 
long crack in the circumferential weld 
joining one of the flat heads to the shell; 
the region of the crack is seen near the 
top of the flat head (above the shell) 
which was flame-cut off the shell 

Because of the nature of this fail 
ure, which was brought about by the 


longi- 


stresses are from 


high stress concentration at the junction 
between the shell and the flat head, it is 
believed that the pressure to burst the 
shell substantially 
Based on pressures recorded in later 
A-302 steel 
Table 3) the bursting pressure should be 
about 9500 presi 

B. Static Tests at 0° F For 


these tests, the pressure vessels were 


itself is higher. 


tests on vessel 1D) (see 


enveloped in a plastic bag to insulate 
the metal and the SR-4 strain gages 
from the mixture of aleohol and dry 
ice used as the cooling medium. The 
pressure vessel, its envelope and the 
coolant were contained in a vertical 
tank insulated with Fiberglas 

As in the room temperature tests, 
strains were measured at both the 
internal and external surfaces, in the 


longitudinal and circumferential diree- 


tions 
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Fig. 3. View of air-operated hydraulic pumps 
with control panel 
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Vessel B of A-201, Grade A Steel 
From the experimental pressure-strain 
curves it was found that yielding 
occurred for an internal pressure of 
over 4250 psi (as compared to 3500 psi 
at room temperature), while the vessel 
fractured, ina completely brittle manner, 
at a pressure of 5000 psi (6250 psi at 
room temperature), 

As shown in Fig. 6 (center), vessel B 
was broken into four separate pieces, 
the plane of the fracture being every- 
where at 90 deg with a plane tangent to 
the shell. The total length of the cracks 
was 132 in. compared to 43 in. for the 
vessel tested at +70° F. Practically 
no plastic deformation took place in the 
vessel at this low temperature. 

Vessel C of A-302, Grade B Steel: 
From the experimental pressure-strain 
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Fig. 4 View of axial-piston-type hydraulic pump with 
control panel, booster and pressure vessel 


curves, it was found that yielding 
oceurred for an internal pressure of 
about 6000 psi. The vessel fractured, in 
a completely brittle manner, at a 
pressure of 9000 psi. 

As shown in Fig. & (center), failure in 
vessel © occurred along the circum- 
ferential weld joining one of the flat 
heads to the shell. 


Fatigue Tests on Pressure Vessels 

A. Under Stepwise-Increasing Cyclic 
Pressure. It should be noted that 
the following fatigue tests were the 
first to be carried out on pressure 
vessels at Ecole Polytechnique. Very 
little was known about. the fatigue 
resistance of such pressure vessels or 
about the behavior of the new equip- 
ment producing the very high eyclie 
pressures. 
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UNIT STRAIN MICRO -IN /IN 
Fig. 5 Static test of vessel A of A-201, Grade A steel: internal pressure vs. unit 


external strain 
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For these reasons, it was decided to EXTERNAL €xX TERNAL 
group croup WELO 


carry out the first fatigue tests 
beginning with a rather low 


pressure and, if after some time ill was 


developing anticipated to mecrease = 3, | erour “A 
the pressure to the next step, and so on 9 i 12 
In such a way, a general idea of the A 
fatigue resistance of the model pressure we. 
8000 
vessels, of the type of failure (explosive | 
or not) and of the behavior of the testing ens 
equipment could be gained for a wide 
f test lit 2 
range © esting 
on ” 6000 
[wo vessels of A-201, Grade A steel a 
designated E and F, and two vessels of sa 
A-302. Grade B steel, designated R and 3 
were fatigue tested under stepwise- 
w 4000 
increasing cycle pressure, x 
a 
Vessels | 4-201, Grade A Steel) and 
R (A-302, Grade B Steel these | 
vessels were the first to he fatiue « 2000 
tested in this program. The shells had = 


numerous welder’s stencil and punch 


marks on their external surfaces. They 
were fitted with flat heads which were | i i i 
very soon proven to be inade juate for 0 400 600 1200 1600 2000 2400 2600 


fatigue testing. Due to a rather high 


UNIT STRAIN MICRO IN_/ IN 


stress concentration at the right angle 
juncture of these heads to the internal Fig. 7 Static test of vessel N of A-302, Grade B steel: internal pressure vs. unit 
surface of the shell, the ruptures in hoth external strain 


vessels began very soon at this location 


and propagated through the thickness 


of the shell heads to minunize the stress-concentra ind the corresponding number of cycles 
The external appearance of the failed tion effect at the head-to-shell cireum borne, | cane! bk of AOL, Grade A 
vessel is shown In hig 6: the crack is ferential veld \Ioreovet each hell teel and Dy ‘ of A-3O2 Grade 

the very faint line indicated by arrow had numerou veldet tenail and B steel are given 
at the top of the vessel The external punch marks on the external surlace It triking that, although the 
appearance of the failed vessel R is The Fabrication Division wanted pressure at elding for the A-201 
shown in Fig. 8 these two vess to be fatigue tested pressure vessel A was about 3500 psi, 
Both vessels were repaired by cutting inder the hiwhest pressure vessel F supported than 500 cycles 
off and rewelding on the heads, but ittainable \ teste vere un it each of the ( pressures of 5000 
under further testing, the same type of proceeding «unknown re ind’ OOOO pet At a cycle pressure of 
fatigue failure occurred again (on garding behavior of testing equipment 6500 psi, it still could bear 634 cycles 
sequently it was decided to replace ind fatiue ‘ tance of the ve | before failing The crack apparently 
the flat heads with il heads under extreme post-vi ld evelu onginated at the elder tencil marks 
on the next vessels pressures, it decided to increase the Avain. it triking that, although the 
Vessels F (A-201, Grade A Steel) and pressure by sts ip to farhure pressure it ‘ mg or the A-3s02 
D (A-302 Grade B Steel These two In Table 3, the iriou ilues of pressure ONne . is about GOOO psi, 
vessels were fitted with semielliptiea maximum cy: pressure applied to essel D supported about 500 cycles at 
each of the pressures ol JOO, 


S000 and pel At cyche pressures 


ranging from 9400 to 9800 psi a few 


le ould at ‘ ipplied hefore the 
isting of the shell; 
t} ind thy lure does not pass 


velder’s stencil 


n both vessels F 


ind DD is evident ot a fatigue failure 

hut more of the tatic burst type 

me Ol tle rm ures appled 

Neverthele exsel F withstood more 

than SOO ‘ it che pressures of 

5000 and 6000 ind vessel LD) with- 

stood about 500 es at cyclic pressures 

7000, 8000 and 9000 psi, although 

these ore both vessels are well 

ibove the elding value and approach 

N Cc R the ultimate value 
Static tests: vessel A at +70° F; vessel B at Static tests: vessel N at +70” F; vessel C at B. Under Constant Maximum Cyclic 
50° F. Fatigue test: vessel E at +70” F 50° F. Fatigue test: vessel R at +70°F 

Pressure. Vigure 9 sho chematically, 

Fig. 6 Tested model pressure vessels Fig. 8 Tested model pressure vessels the five pressure vessels fatigue tested 


of A-201, Grade A steel of A-302, Grade B steel under constant maxunum cyclic pres 
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g marks on the she ; 


Table 3—Fatigue Tests on Model Pressure Vessels 41 in. Long, 12 in. ID, 
D/t = 16 at + 70°F 


Varimum 


pressure 
per cycle, 
Vensel 
F, A-201, Grade A 


D, A-302, Grade B 


Number 
of cycles 
per teat Remarks 
SAA No failure 
Oo No failure 
OS No failure 
Failure by longitudinal 
erack in shell 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
No failure 
Failure by longitudinal 
crack in shell 


sure Two vessels were of A-201, 
Cirade A steel, designated by G and H, 
while three vessels were of A-302, 
Grade Tb steel, designated L, M and P. 
On each vessel is shown the location of 
all fatigue cracks during 
these tests; the location is indicated by 
a small cross and a number which gives 
the sequence of the fatigue failures 
The first failures were generally located 
in the joints of nozzles to shell. After 
these failures, the nozzles were cut out 


produced 


and replaced by welding in patches; 
these two conditions of the vessels are 
shown one above the other. 

Vessel G of A-201, Grade A Steel: 
This fitted with 
elliptical heads and had about 12 to 15 
Charpy V notches, 0.01 in. deep, milled 
at random on its external surface. The 
other 
nozzles were welded on and a square 
edge was left at the internal surface of 
the shell where it meets with the nozzle 


vessel was semi- 


main feature was that four 


hole. Two of these nozzles 
located opposite each other in the plate 
material and the other two were welded 
in the longitudinal seam welds. The 
vessel was fatigue tested under a 
eyelic maximum pressure of 3675 psi, 
which is nominally 5% above yield 
pressure. 

The first two failures occurred at the 
junction of two nozzle holes with the 
shell after 50,960 and 51,267 cycles. 
These fatigue cracks were in a longi- 
tudinal direction, as may be expected, 
since the major stresses are in a circum- 
ferential direction, their intensity being 
increased by the stress concentration 
effect brought about by the presence of 
the nozzle hole in the shell. Figure 10 
shows this type of failure in vessel G 
(view at internal surface of vessel) 
The fatigue cracks began at the edge 
and worked their way outward through 
the thickness of the shell until oi! could 
finally leak through the small crack 
This pattern is typical of all such 
fatigue cracks in nozzles. 

After the first two nozzles failed, the 
other two were removed, all nozzle 
holes being closed by a welded patch of 
about 6 in. diam covered by a 12-in 
cover plate welded on top. 


were 


All subsequent failures, as shown in 
Fig. 9 (vessel G), occurred in the welds 


A~20!1,GRADE A, STEEL 


A-302 , GRADE 8,STEEL 


3675 PSI. 
(+5 % OF YS) 


VESSEL VESSEL 
3300 


(-5% OF YS) 


6800 PS). 


(413% OF Y.S.) 


VESSEL VESSEL “P 
5700 P.S.I. 


(-5% OF YS) 


4950 
(-17.5% OF Y.S$.) 


IROUNDED! 


\ 


10 


NO FAILURE IN SHELL 

LONGITUDINAL WELDS 

AND NOTCHES AFTER 
196662 CYCLES 


NO FAILURE IN SHELL 

LONGITUDINAL WELDS 

AND WOTCHES AFTER 
573 715 CYCLES 


NO FAILURE IN SHELL 
LONGITUDINAL WELDS 


AND NOTCHES AFTER 
31768 CYCLES 


ist FAILURE 
AFTER 39115 CYCLES 
AT@ IN SIDE OF WELD. 
63 474 TOTAL CYCLES 


IN SHELL 
NO FAILURE IN SHELL 
LONGITUDINAL WELOS 
AND NOTCHES AFTER 
57145 CYCLES 


Fig. 9 Location of fatigue failures in model pressure vessels 
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ot patches or of covet plates and in the 
Knuckle region of the semielliptical head 
but no fatigue failure occurred in the 
shell itself. in the Charpy V notches 
milled on the external surface of the 
shell or in the longitudinal weld seams 
after 158.882 cycles of pressure the 


maximum value of which was 5% 


above the vield pressure 

Vesse!| H of A-201, Grade A Steel 
This vessel was fitted with semielliptical 
heads 
schematically in Fig. 9, were milled on 


Three types of notches, shown 


the external surface of the shell as 
follows 

(a) Six notches, 0.06 in. deep, were 
made with a standard Charpy V notch 
cutter and were oriented with thei: 
lengths parallel to the vessel axis 
Three of the notches were milled on one 
half-shell prior to stress relieving and 
three on the other half-shell after stress 
relieving 

(b) Six notches were made using a 
cutter approximately 4 in. in diameter 
and '/, in. thick, cutting to a depth of 

, in.; cross section at deepest point 
was '/, in. wide, '/, in. deep with '/, in 
bottom radius. Three notches were 
installed on one half-shell prior to stress 
relieving and three on the other half- 
shell after stress relieving 

(c) Four holes were drilled partially 
through the shell with a diameter at 
outside surface of */, in., a bottom 
spherical radius of */\. in. and a total 
depth of */, in. (i.e., half the thickness of 
the shell Two holes were drilled on 
one half-shell before stress relieving and 
two on the other half-shell after stress 
relieving 

In addition, two nozzles were welded 
in the plate of each half-shell; thev had 
“& square -edge at the internal surface of 
the shell where it meets with the nozzle 
hole. 

This vessel was fatigue tested under a 
eyelic maximum pressure of 3400 psi 


which Is nominally 57, 


helow vield 
pressure 

The first two failures occurred again 
at the junction of the two nozzle holes 
with the shell after 87,547 and 102,972 
eveles respectively The location 
direction and type of failure were the 
same as described above for vessel G 
These two nozzles were cut out afte: 
failure and replaced with two new ones 
The new nozzles had a rounded edge 
with a in. radius at the internal 
surface of the shell (see Fig. 2b 

Figure 9 (vessel H 
subsequent failures, eight in number 


shows that all 


oceurred either in the circumferential 
weld hetween the semielliptical heads 
and the shell or in the knuckle region of 
the upper semielliptical head 

No fatigue failures occurred in the 
shell itself, in the numerous and ver 


severe notches milled on the externa! 
surface of the shell (one type of notch 
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Fig. 10 Longitudinal fatigue cracks in nozzles of vessel G of A-201, Grade A 
steel and vessel L of A-302, Grade B steel (view at interne! surface of shell) 


penetrates h ill the thir kness ofl the 
shell) or in the longitudinal weld seams 
after 373.715 ceveles of 


maximum value of which was 5°), below 


pressure the 
the yield pressure During the fatigue 
tests on this vessel, the external notches 
periodically and neo 
Neither of 
the two new rounded-edge nozzles have 
failed after 270,743 cycles 


Static strain measurements on the 


were examined 
cracks were found in them 


external surface of the shell were made 
with SR-4 strain gages after 300,000 
cycles. The strains varied linearly 
with pressure, and at the pressure of 
3300 psi the maximum strain in the 
circumferential direction had a value of 
+620 microinches per ine h while it was 
only +140 in the longitudinal direction 
The experimental circumferential stress 
was found to be 22,000 psi in tension 
In addition, dynamic strain measure 
ments were made with a Brush analyzer 
connected to one of the circumferential 
SR-4 strain gages; the resulting strain 
time diagram is seen in Fig. Il and 
shows that the loading cycle has a saw 
tooth pattern, the increase of pressure 
heing gradual while the decrease is 
fairly rapid The maximum cireum 
ferential strain value was about +640 
microinches per inch, somewhat higher 
than the static value, and remained 
constant during this test 

Because of the great number of fa 
tigue failures, the testing of this vessel 
has been discontinued after 373,715 
cles 
Vessel L of 
This Vessel W ie 
tical heads and had the same notche 


4-302, CGirade B Steel 
fitted with semellip 


and nozzles «a vessel The 
wus fatigue tested under a eyeclic maxi 
mum pressure of 6800 psi which nomin 
illy is 138% above vield pressure 

The first two failures occurred at the 
junction of two nozzle holes with the 
shell after 9989 and 10.864 evcle The 
location, direction and type of failure 


were the same as described above 


vessel G. as can be seen in Fig 10 


V odel Pressure 


Ve ssels 


After the first two nozzles failed, the 
other two were removed, all nozzle holes 
being closed by a welded pat h of about 
6 in. diam covered by a 12-in. cover 
plate welded on top 

All sub equent tailures as shown in 

occurred in the welds 
of cover plates, in the 
knuckle semielliptical 
heads and in the circumferential weld 
between one head and the shell, No 
fatigue failure occurred in the sheil it- 
self, in the Charpy V notches milled on 
the external surface of the shell or in 
the longitudinal weld seams after 31,788 
the maximum value 


big. (vessel 
al patches al 


region of the 


cvecles of pressure 
of which was 13° above yield pressure. 

Vessel M of A-302, Grade B Steel 
This vessel was fabricated with the 
same specifications for notches and 
nozzles as in vessel H and was fitted 
with semielliptical heads The vessel 
was fatigue tested under a eyelie maxi 
ure of 5700 psi, which 


pres 
nominally 5% below 

Che first failure at the juae- 
tion of the nozzle hole of noszle M-1 


with the shell after 18.750 evcles The 


yield pressure. 


location, direction and type of failure 
were the ume as described above for 
(; and 

Nozzle M-2, although it had no ex- 
ternal signe of failure yet, was cut out 
ind was found to have the same longi 
other 
inside surface, but 


tudinal crack i the nozzles 


tarting from the 
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Fig. 11 Variation of dynamic strain 

with pressure on shell of vessel H 

(A-201, Grade A steel) 
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these had not yet gone completely 
through the shell 

Both nozzles were replaced with new 
ones having a rounded edge with a '/,-in. 
radius 

Failure No. 5, as shown in Fig. 9, 
oveurred after 39,115 cycles, by a small 
fatigue crack in the side of one longi- 
tudinal weld in the heat-affected zone; 
thie is the first occurrence of fatigue 
failure in the shell proper where no 
The X-ray 
photograph made when the shell was 
fabricated has been examined and no 
defect (porosity, inclusion, etc.) what- 


stress concentration existe 


soever was seen in the weld; conse- 
quently this failure can be regarded as 
significant 

Failure No. 6, after 42,062 cycles, 
was a fatigue crack in one of the Charpy 
V notches machined after stress reliev- 
ing; it can be seen in Fig. 12. This ia 
the firet oecurrence of failure in one of 
the intentional notches provided on the 
external surface, not only of this vessel 
but of all vessels tested under fatigue 

Failures Nos, 7 and &, after 45,603 
and 47,882 cycles 
red again in the longitudinal seam weld 


respectively, oecur- 


near aren of failure No. 5. These con- 
secutive failures may have been caused 
by the fact that when chipping out the 
previously cracked area, a small part 
of this crack was left in and continued 
to propagate through the shell in the 
no backing 
bars could be used, which fact may have 


subsequent testing. Also 
a detrimental effect Another reason 
may also be that after the chipped out 
area was rewelded, no stress relieving 
could be applied to the shell because it 
would have counteracted the effeet of 
all the fatigue eyeles already put on the 
shell: thus, the residual stresses in this 
area may have helped the initiation and 
propagation of the fatigue cracks 

Failure No. 9 occurred, after 63,247 
cycles, in one notch with a '/,-in. radius 
machined after stress relieving; it can 
he seen in Fig. 12. At this time, the 
beginning of a erack was observed in 
another such notch 

The next two eracks, Nos. 10 and 11, 
occurred in the other longitudinal seam 
weld. However, neither of the two 
new rounded-edge nozzles have failed 
after 36,138 eycles 

While this vessel was being fatigue 
tested, the notches were periodically 
examined with a microscope to detect 
any beginning of a crack 

During Test No. 7, static strain 
measurements on the external surface 
of the shell were repeated with SR-4 
strain gages, The strains varied lin- 
early with pressure and under the 5700 
psi internal pressure, the maximum 
strain, occurring in the circumferential 
direction, had a value of +1219 micro- 


inches per inch while it was only +339 


in the longitudinal direction. The 


336-8 


Dubuc, Welter 


Fig. 12 Fatigue failures in Charpy V notch and '/,-in. radius notch of vessel M 


of A-302, Grade B steel! 


experimental circumferential stress cal- 
@ulated from these two strains is 43,500 
psi in tension. This experimental value 
is in very close agreement with the 
theoretical value of 43,200 psi (Lamé 
formula) 

In addition, dynamic strain measure- 
ments were made with a Brush analyzer 
connected to one of the circumferential 
SR-4 strain gages; the resulting strain- 
time diagram shows that the loading 
cycles have a saw-tooth pattern as for 
vessel H. The maximum circumfer- 
ential strain value was about +1220 
microinches per inch and remained con- 
stant during this test 

Because of the great number of fa- 
tigue failures, testing of this vessel has 
been discontinued after 63,474 cycles 

Vessel P of A-302, Grade B Steel 
This vessel was fabricated with the 
same specifications for notches and noz- 
zles as vessels H and M but was fitted 
with hemispherical heads such as shown 
in Fig. 2a. 
under a cyclic maximum pressure of 
4950 psi, 17.5% below the yield pressure 
of 6000 psi as determined in the static 
test of vessel N. 

Figure 9 shows that fatigue failures 
occurred in the two nozzles after 46,910 
and 53,518 cycles, in the same manner 
many 


The vessel was fatigue tested 


as previously described, and 
times in the welds of the two patches 
replacing the nozzles 

While this vessel was fatigue tested, 
the notches were periodically examined 
with a microscope to detect any begin- 
ping of a crack; none were observed. 

The fatigue testing was discontinued 
after five additional failures and a total 
of 57,145 cycles. 


Conclusions 
Static Tests 


Vessels of A-302 steel were much 
stronger than vessels of A-201 steel; by 


Model Pressure Vessels 


about 50°), at a temperature of +70° | 
and by about 80% at 50° F, 
Moreover, at —50° F, an A-201 steei 
vessel failed in a completely brittle man 
ner, while a vessel of the same steel had 
a perfectly ductile behavior at +70° F 
The A-302 vessels did not show apprecia 
ble plastic deformation of the shell at 
either 
occurred at the head-to-shell juncture 


temperature because fracture 
due to high stress concentration caused 
by the use of flat heads (see Fig. 8) 

These model pressure vessels have 
exhibited surprising fatigue life under 
repeated loading at strain ranges ap 
proximating the yield strain. At very 
high plastic strain ranges caused b 
stresses very near the ultimate strengths 
of the two materials, these model pres- 
sure vessels still sustained more than 
50 eyeles of loading without failure 

The weakest zones in these vessels 
were found to be in the joint between 
the shell and flat or semielliptical heads 
and in the knuckle region of the semi- 
elliptical heads. The most vulnerable 
places in the shell were in the regions of 
openings for attachments in the form of 
nozzles, the fatigue crack always be- 
ginning from the internal surface of the 
shell in a longitudinal direction at the 
edge where the nozzle hole meets the 
internal surface of the shell. 

Table 4 gives the average number 
(two results) of cycles to failure for the 
nozzles 

An unexpected and reassuring result 
was that, despite the numerous undesir- 
able punch marks, scratches, shallow 
Charpy V notches, and welder’s mark- 
ings stamped deeply on the externa! 
surface of the vessels, no fatigue crack 
occurred in these notches. Vessels H 
M and P had very severe notches milled 
on the shell in which no fatigue failures 
occurred after many tens of thousands 
of cycles (although two notches failed 
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notches 


on M these 


much less harmful than was anticipated. 


vessel appear 
Table 5 gives a résumé of failures in 
notches and in welds 
No failure ever occurred in the shell 
ol 
No failure ever 


proper anv vessel tested in fatigue 


oceurred In ANY 


{see Table 5 


had 


weld, except in vessel M 


After the nozzle attachments 


failed in a vessel, they were cut out and 
replaced by welded-in patches. When 
thev were welded from the outside 
backing bars were necessat ind, of 


It 
was found that fatigue failures occurred 
f these 
patches, always in a longitudinal direc 
These 
back 


course, could not he chipped iwi 
verv often through the welds « 
tion on each side of the patches 


facts 
ing bars which may 


uggest the influence of the 
cause a stress con 
centration effect on the internal surface 
of the shell 

These 


fatigue tests on model pressure 


vessels have shown that the greatest 
attention should be given to design de 
tails in order to minimize stress-con 
centration effects 

An analysis of fatigue failures in 
vessels of both materials tends to bring 
out the fact that the A-302, Grade B 


steel seems to be more notch sensitive 
than the A-201, Grade A steel. The 
fatigue resistance of the A-201 steel | 
very impressive 

The ol these 
significant and the study of model pres 


results tests are very 


sure vessels under cyclic stresses rather 
than under static stresses, has produced 
a number of very remarkable and inter- 
esting observations. These fatigue tests 
with model vessels have involved design 
factors attachments) 
material factors (chemical composition 
as well fabrication No 
other test method at this moment will 


be able 


notch geometry 


as factors 
to give results of this kind which 
for immediate practical 
These 


a substantial contribution toward safety 


may be used 


application results may make 


and reliable design for all kinds of pres 
sure vessels, especially if the level of de 


sign stresses has to be increased 


The only factor we do not fully have 
vessels 


in hand with tests on model 


the scale or size effect of the tested model 


5°) below 


below 


Table 4—Fatigue Life of Nozzles 


Ve 
ield G (A-201 
eld L, (A-302 
ield H (A-201 
M (A-302 
ield P (A-302 


{verage ele nilure 

iare-eage hounded-edge 

no é nozzles 

000 Had none 

000 Had none 

O00 No failure after 270,743 
O00 No failure after 36,138 
wl nome O00 


Notches and Welds 


\ fi ature in 
ian 
Charpy uh ho in Weld 
Pre re Vessel V notch ich leep seam 
) ibove ld G(A-201 No failure Had none Had none No failure 
l above ld L, (A-302 No failure Had mon Had none No failure 
below yield H (A-201 No failure No No failure No failure 
M (A-302 12,000 63,000 No failure 39,000 
17.5 below yield (A-302 O00 No failure No taiure No failure 
Jeginning 
crack 
im comparison to the dimensions of estivate the region in which this mate- 
actual vessels tased on the funda re ttle Fatigue tests in 
mental laws of similitude, there should ibzero temperatures down to at least 
not be a great difference in results if a | be required so that we may 
reasonable relation exists between the he sure that inexpected and catas- 
dimensions of the model and the full trophic failure in the shell would oceur. 
size vessels llowever,. these tests on Pre ire ( ( hould not be built for 
model vessels do not entirely replace the northern countries which are unable 
fatigue tests on at least one full-size to withstand repeated pressures at low 
vessel, lk peratures 
During this research progran 1 » The effects of hen wall thick- 
model pressure essels were tested ne th ratios much smaller than 
tatically, 4 more were tested unde 16 id be investigated regarding 
stepwise-increasing pressure ind 5 more 1) e brittle failure 
under constant maximum pressure. In ; Che effects of hot and cold form- 
these last 5, a total of 43 fatigue failure iW f shells on fatigue life ought to be 
were obtained, of which 10 oecurred in tuched 
is many nozzle These fatigue fail | Che fatizue life of shells having 
ures were produced by a total of about h polished internal and external 
TOO 0000 evel of pressure at ilue il hould be determined 
varving between 3300 and 6800 psi ) An investigation of the effect on 
of stat prestressing under 
Future Tests ! whet internal pre ure than the re- 
Some of the future tests which would peated fatigue pressure, resulting in an 


he interesting 
below 

| As mo 
structure br 


to carry out are discussed 
t failures of mild steel 
idye ships have 
occurred during the winter season in low 
it seems necessary to in 


temperature 


to-plastic fatigue life 


of the ela 


vould be of interest 


of such vessel 


th 


mcrens 


method may provide a means to 


vorking pressures and reduce 


the 


of thick- 


dimensions 


Correction: 


relief—10 hr at 900° F,” 


by 


Grom and fi 


stress-relieving treatments listed for 90A and 90B are reversed. 
and under 90B “Single stress relief 
“Standard Stress Relief Cycle” listed for 90A should read “10 hr at 900° F 


DD, Stout 


“The Performance of High-Strength Pressure- Vessel Sleels 


In the March 1956 issue of Tue Weipinc Jounnar, Research Supplement, page 117-8, 
They should read under 90A “ Single-stress 


1 hr at 1150 


rather than 


Table 2(A), the 


(iso, on 118-8, hig. 4, the 
“94 hr al 900° F.” 


The Editor 
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SYNOPSIS. Thie paper contains a 
method for computing the percent re- 
straint and the moment-rotation charac- 
teristics of any top plate and seated beam- 
column connection provided the column 
is stiffened or hae sufficient strength to 
eliminate local erippling. Partial proof 
of the adequacy of the method is provided 
by test of a two-way beam-column speci- 
men, Also reported are the results of two 
tests of a tension test specimen suggested 
for testing new designs of top plates 
Potentialities of the top plate type of 
connection are shown by several suggested 
design procedures, with examples 


Introduction 


In the field of structural design it has 
long been known that considerable 
economy can be achieved by incorpora- 


ting beams which are “‘fixed’’ at the 
ends. However, the practicalities of 
shop and field fabrication and the un- 
certainty of various design practices 
have tended to curtail the use of this 
means of beam-column connection 

Application of welding in the struc- 
tural field has brought about the ce- 
velopment of welded beam-column con- 
nections of the type shown in Fig. | 
These are known to possess considerable 
merit and their application to restrained 
jounts promises to prove economical 
Analysis of these joints under the action 
of gravity and ‘‘wind’’* loads is one of 
the objects of the research program 
currently under way at Lehigh Univer- 
sity under the sponsorship of the Ameri- 
can Institute of Steel Construction 

The objects in this work are several- 


fold: 


1. To investigate the analysis of this 
type; 

To attempt to devise a simplified 
approach to the design so that 


R. Ford Pray i« lnetructor of Engineering Draw 
ing, Syracuse University, Syracuse y and 
Cyril Jensen is Professor of Civil Pagineering 
Lehigh University, Bethlehem, Pa 

Paper presented at 1056 AWS National Spring 


Meeting in Buffalo, N. Y.. May 7 11 


* Actually any lateral loading 
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WELDED TOP PLATE 
BEAM-COLUMN CONNECTIONS 


Authors present a method of analyzing a lop plate and 
sealed beam-column connection, accompanied by a lest of a 


built-up two-way beam-column connection lo verify il 


BY R. FORD PRAY AND CYRIL JENSEN 


the structural engineer may em- 
ploy the involved; 

3. To devise an economical testing 
procedure. 


This paper will discuss the project in 
three parts: 
1. The analysis; 
2. Experiments to confirm the anal- 
ysis; 
3. Potentialities of the connection. 


Analysis 

There are several basic assumptions 
used in the following analysis, all of 
which are practical in nature. The first 
assumption is that beams frame into the 
column from opposite sides and that 
the column remains vertical under load- 
ing. Later the analysis can be ex- 


MATE 


Fig. 1 Typical welded top-plate 
beam-column connection 
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panded to include the unsymmetrical 
situations. 

The second assumption is that, when 
beams frame into the column flanges, 
column stiffeners be employed unless it 
can be shown that the column has 
sufficient capacity to carry the bending 
moments from the beams without local 
crippling. An analysis of the researches 
of Brandes and Mains! reveals the fact 
that when the beams framed into the 
column flanges and the stiffeners were 
omitted, local deformations appreci- 
ably reduced the restraining moments 
carried by the connection. This reduc- 
tion brings about two bad results: (1) the 
analysis no longer applies, i.e., the 
strength of and deformations in the con- 
nection are no longer determinate; and 
(2) the strength of the column is im- 
paired due to these local flange deforma- 
tions. 

Previous laboratory tests indicated 
some doubt as to the location of the 
center of rotation for the connection as 
the load was applied, a factor which, at 
first thought, would certainly have an 
effect on the joint analysis. In the 
development of the analysis here, two 
cases were studied: (1) rotation about 
the base of the beam; and (2) rotation 
about mid-height of the beam. Act- 
ually, the two cases give almost the 
same results (variation of some 5-6%) 
and therefore will cause no particular 
problem. When testing the actual! 
connection (described later in this re- 
port) particular attention was paid to 
this problem and a curve plotted to show 
the results. 

The first logical step in the analysis is 
to consider the action of the top-plate 
in the connection under loading condi- 
tions creating elastic strains in said 
plate. This would represent the more 
conservative approach to the design of 
the connection since designing in the 
plastic range is still relatively new. 
Using basic applications of the methods 
given in any standard Mechanics of 
Materials text the following formulas 


Wetping Research SuPPLEMEN1 


ea 


Mw+Mg D 


Mg-Mw (Mg (Mw) 


Fig. 2. Moment diagrams: (A) Uniformly loaded beam—-elastic zone; (8) uni- 
formly loaded beam—plastic zone; (C) wind moment diagram (typical); (D) 
combined gravity and wind loads 


were obtained (derivations are given The analysis ean be extended to in 


n the appendix) lude the action of the plate unde: 
LaMotte Grover? has a 


Case ] Rotation about Base 
clear word deseription of the assumed 


astic strain 


Tension in top plate - action in this case Jusically, as the 
WL?/241 1)* yravity load W increases, the stress in 
(L'/A'd dL top-plate increases up to the yield point 

Stress in top plate = stress, ay ind, thereafter, remain 
9)* stationary if the customary simplified 

12 2IL' + A’'@L j straight line yield relationship is applied 


Note that the tension in the top-plate 
it this point is given by Ty Aoy, and 
that the moment carried by the connec 


Area of top plate - 
WL 
Per cent restraint tion may be expressed in terms of the 
100A ‘a2 plate tension and beam depth by M 
+ 6)" Td. This situation may be bette: 


ualized by considering a moment 


when wram for a typical loading system 
/ tension in the top plate, kips then the principles can be expanded to 
Wy total distributed load on bean il loading Figure 2A shows the 
lenath beam in normal moment diagram (solid line) for 
/ moment of inertia of beam, in.‘ a unifort loaded beam (total dis 
L effective length of top plate, u tributed load W and span L) with 
(see Fig. 1 fu fixed end Since the actual top 
af late connection may not provide full 
a unit stress in top plate, ksi restraint (the percent end restraint be 
oR percent restraint in terms of that ng dependent on the plate design), the 
afforded by a fully fixed con end moment ll be something les 
necwen than WL/12 hown by the dotted 
Case 2; Rotation About Mid-height urve Now consider Fig. 2B where 
we may suppose the load to be increased 
1 WL?/241 first until the top-plate just reaches the 
(2L'/A'd) + (dL/2l eld point (the dotted moment dia 
W Ltd gram) after which the connection mays 
12 UL’ + take no addition oment, and, second 
WL 1/1, intil the midspan moment also reache 
the yield point or, more exactly, the 
100A ‘dL plastic moment olid line) at which 
+ 7 time the be has reached its capacit 
lor thy ny given unilorm 
stributed load the total height of the 
* (joo0d for elastic strait moment curve will be WL/S, the mo 
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ent at mi mn, When the connection 
the plast zone, will be WL/S 

lid, the connection moment remaining 
onstant at 7d 

Phe case of “wind 


vith verti 


loads in combina- 
il loading can be 
hed in somewhat the same manner 
Figure 2C’ shows a typical wind moment 
2) combines same 

th the gravity load (solid line). The 
top plate will only effectively carry 
reaches the plastic 


ne, We 7d, as before. Any remain- 

1 viditional wind moment will be 
tre erre to the opposite end of the 
beam « idicated in Fig. 2D, where it 
reduce the gravity moment and 


indicated by the 
Reversing the moment 
eventually put the top plate in 


Theoretically. the wind moment may 
nerease until a second “plastie hinge’”’ 
the left hand top plate in Fig. 2) acts 


is the first one) is created This nin 


ir in one of two ways. First, when 
the mid pan moment reaches the plastic 
nentioned before, or second, 


vht-hand top plate fails to 


strut in carrying the 
el feetLupt the moment reversal 
This is a purposely brief discussion 
bn inalysi Further details will 


be brought out in the Joint Potentialities 
ections of this report 


Experiments 


A testing program was conducted with 


lo confirm the method of sanal- 
previously put forward in 


this report 


To check i proposed design 
procedure 
; Io attempt to devise an eco 


nomical test to predict the jot 
wtion without the cost of testing 
ctual built-up connections 


It should be noted here that these tests 
ire the beginning of a test program and 


} e to be run to give con- 


ul e resu 
The first problem was to set up a 
tvpical design procedure for the con 
nection particula the top-plate. A 
procedure similar to that discussed under 


Potentialities of the Connection, Pro 


poked Design Method 1, was used as a 


Phe following typical problem was 


‘ i is ol design 


span and 50° total distributed load 
} kei allowable working stress in steel 
d full penetration butt welds 

hear in steel and on 


1200 Ib/in, per 


tllowable 

throat of fillet weld 
veld 

unt for connection design 


0°) end-restraint for beam de- 


First “Plastic Hinge” 
My 
Second Plostic Hinge: 
| 
an 
: 
several objective 
: 
gn is 


Beam Design 


M WL/S% — 0.5WL/\2 
k-ft. (2.5 12/20 
Use 14-WFS0, 41.5 


Plate Design 


M = O.75WL/\2 = WL/16 
T = M/d = 62/14 1.2K. 


Not The 


restraint is anticipated to approach 90% 


k-in, 


actual percent end- 


based on previous research 


Required plate cross-sectional area 
at 75% end-restraint 
10,2/20 2.01 in 

plate (2.06 in.*) 
Actual stress at working load assuming 

restraint 20 WO/75 = 24 kai 


Use 
? 


However, in accordance with the eur- 
rent AISC specifications, the welds are 
not to be overstressed 


Butt welds: widen plate end 
24/20 = 6.6. Use 6*/¢in. end width 
Fillet welds: */,in. plate, hence use °/¢ 
weld (3000 |b/in.) 
10.2 90/75 4.0 
16'/o im. 


in, Use 


Figure 3 shows the details of two 
plates chosen to meet the foregoing de- 
sign Various 


portions are indicated in this figure and 


factors suggested pro- 


are based on previous research results." * 
Particular note should be made of some 
items, A the 
widened end to the basic plate width is 


curved transition from 


used to reduce stress concentrations 
In Plate Design A, 
that 
might be created at the ends of the fillet 


welds 


it was anticipated 


considerable stress concentration 
To possibly eliminate this prob- 
lem which might give bad results, Plate 
Design B owas created for comparison 
A third design, not shown, might be de- 
vised using a slot in the middle of a 
plate to the same 


rectangular give 


results 


Seat Design 


A standard design procedure adapted 
from Reference 2 was used to design the 
Since “T”’ 


with the interior wall line, a seat angle 


ment seats usually interfere 


was used, In & moment connection 
some means must be proy ided to earry 
the thrust of the bottom flange opposite 
in direction and equal in magnitude to 
the tension in the top-plate). This was 
(lone by specifying a square butt weld 
between the end of the beam flange and 
the column 

The results of the connection design 
are shown in Fig. 4, showing the details 
of a connection test specimen using Plate 
Design A. In way of general comments 
it will be noted that all welds are 
economically positioned flat or hori- 
zontal shop fillet welds for the seat angle 
and flat fillet and butt field welds made 


by a man sitting on the beam. Punch- 


Pray, Jensen 


ing erection bolt holes in the beam 
flanges and beveling of the lower flange 
for the butt weld to the seat (not done 
in this correction, however) is the only 
work required on the beam. The plates 
are designed to be fabricated from 
standard plate or bar stock by auto- 
matic machine flame cutting, an eco- 
nomical process. It is recommended 
that the plates be cut parallel to the 
direction of rolling. 


One of the best methods for visualizing 
the analysis and action of a moment 
connection is a Moment-Rotation Curve 
(Fig. 5). Using the formulas 6 and 7 
presented in this report, the percent end- 
restraint (%R) for the above design 
may be calculated. If the analysis is 
correct, results of the tests of the connec- 
tion should coincide closely. Using 
Formula 6, assuming rotation about the 
hottom of the beam. with the following 


14% 
(12 


(O67 W tow) 


= 


TM 


(2€ min) 


PLATE DESIGN 
isp 

min) 


6 + e 


PLATE DESIGN “B" 


Notes to be flame cut of sawn of @s to 
be porate! to the direction of folling im the mill 


Fig. 3 Top-plate designs for testing 


9" 
PLATE “A’( FIG. 3) ] 


Fig. 4 Built-up connection test 
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BEVELING OF BEAM FLG 
WOULD MAKE A BETTER 
DETAIL 
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,/Firet yiel@ lines Adverage curve plotted 
plete built up beom-cel. 
conn. | am 
[ | Curve predicted from Predicted yield moment of 
j resuite of tension test | posed on coupon teste 
of plete des | 


— x 
Predicted 94.8% end “a Predicted yield moment 


restraint rotation et 
about bottom | / on design eesumptions 


—Predicted 90 end 
restraint rotation 
mid - depth 


50% end 
restrant 


AVERAGE MOMENT ON CONNECTION KIP-FEET 


Fig. 7 Close-up of connection 
after test 


Beam line for design \ 
requirements WF 30 | 
bei29 | and two times design requirements may 
he figured in the usual way 
The Moment-Rotation curve pre- 
dicted from the foregoing analysis ts 
shown in Fig. 5 as a dashed curve. The 
VM curve gives « visual interpretation 
Fig. 5 Moment rotation curves of the connection action, One eritenion 
i this case is where the pre 
intersects the 50% end 
values for Plate Design A(A the predicted “Plastic Moment V, raint line. the latter being the basis 
L 15 ft 12 in., ayAd is requires ym standard S-in beam design The curves shown 
d 14 in, and J 2589.6 in.* fo gage length coupo st ASTM [es dicate a fairly conservative design 
l4WE30) the (OR 94.89, ij) on samy from stock plate It should be noted here that some con- 
to the use of 6 and 


| 
| 
° 2 4 6 4 10 i2 14 
@-ROTATION OF BEAM END WITH RESPECT TO COLUMN-RADIANS x10"° 


similar manner, assuming rotation about adjacent and parallel to Plate Design A fusion has a 


the mid-height of the beam and usin pecimen y, was found to be 37.5 ksi , and fe connection rotation 
formula 7, the %R O0.0°, For con and, therefor ft. The ore commonly associated with 
struction of a Moment-Rotation Cur team Lines’ for desig juirements discussion of beam properties such 18 
VkI ice it is felt that a distinetion 
hould be made between the two uses, 
ians will be used in 
tand for end-rotation of 

respect to the column 
describes the fabrica- 
the builf-up connection 
noted that a few of the 
cordance with the 
This test specimen was 
fitter and a welder, both 


ble experience, All 


| mbly of ing was done under 
+ 


field of shop 
possible \ 
| | od used for the first 
ELASTIC 
Dass mutt weld and all remaming 
ZONE : ling was ce th | (020 electrodes 
iligned and held 
k welds at the fillet 
ompletion of the full 


fillet welds were placed 


VIEL DING STRAIN HARDE NING 


| the electrode negative ) 
The butt weld 


i eto! gin root 


% OF BEAM DEPTH FROM BOTTOM TO CENTER oF ROTATION 


12 16 20 


6-CONNECTION ROTATION-RADIANS X 10 
r points d bevel on the 


Fig. 6 Curve showing variations in the location of the center of rotation versus p id is done to achieve a 
connection rotation fuil ition d 
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Figure 4 shows the location of all 
gages and rotation bars on the specimen, 
The specimen was placed in the 800,000- 
Ib testing machine in an upside-down 
position to facilitate loading (see Fig. 4). 
The test was run at a slow speed, and 
throughout the elastic range readings 
were taken at predetermined load in- 
crements, while in the plastic range read- 
ings were taken at predetermined strain 
increments as indicated by the elonga- 
tion dial gages mounted on the top 
plates. 

Some question has been raived in the 
past as to which rotation bars would 
actually indicate the connection rota- 
tion. Referring to Fig. 4 it appears 
logical to take the total connection rota- 
tion as the sum of rotations Nos. 1, 3 
and half of No. 0, and to subtract from 
it the computed rotation of that portion 
of the beam which is directly below the 
top plate. This latter computation of 
the beam rotation is easily effected for 
any loading by oL’ VL" /EI 
where # is the computed beam rotation 
in radians, @ is the average unit rotation 
of the portion of the beam under con- 
sideration, L” is the distance 
right-hand No. 3 bar mounting to the 
column (which may be taken as 14”), 
M is the average moment and EJ are 
the usual properties of steel and of the 
beam. As it turned out the net rota- 
tion of the approxi 
mately given by rotation reading No. 1. 


from the 


connection was 


The M-¢@ curve resulting from this 
test is shown in Fig. 5 as a solid line 
Notice should be taken of its 


correlation with the predicted curves. 


close 


As mentioned previously, a close check 
was made on the actual position of the 
center of rotation and it was found that 
it did not remain constant. Figure 6 
is a plot of the percent of beam depth 
from the bottom flange to the center of 
rotation vs. @, the connection rotation. 
During the initial rotation the center 
moves upward from the bottom flange 
as it begins to deform, sharing more of 
the load with the top plate at each inere- 
ment of loading. However, once yield- 
ing in the top plate starts, its elongation 
far exceeds the contraction possible in 
the bottom flange and the center moves 
downward again 


Figure 7 shows a close-up view of the 
joint after completion of the test, the 
top plate eventually failing under a 
1585 kip-in. (a computed 
ksi). The yielding in- 
dicated at the bottom flange did not 
ovecur until late in the test and did not 
influence the test results in the zone of 
usefulness for the connection 


stress of 55.1 


Figure 10 gives a stress-strain curve 
for the top plate of the fabricated beam- 
column and also the 
results of a tension test devised to 
simplify the procedure if a variety of top 
plates are to be investigated 


specimen Kives 
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Fig. 8 Tension test setup—showing reusable mounting units 


Several conclusions may be drawn 
from the results of this test: (1) the 
connection appears more than adequate 
to meet the design requirements; (2) 
stiffeners selected as comparable in size 
to the beam flange are sufficient to 
eliminate deformations in the column; 
(3) the seat designed as shown proved 
to be entirely adequate and may be said 
to be somewhat too stiff since the beam 
flange was caused to bend over it in the 
later stages of the test; (4) the connec- 
tion rotation for this particular design 
the 
rotation measured between the column 


seems to be indicated entirely by 


flange and the end of the beam; and, (5) 
predicted end restraint by either of the 
two proposed formulas (rotation about 
mid-height bottom) is in 
close agreement with results 

One of the objectives of the testing 


and about 


program was to devise a more eco- 
nomical test to predict the joint action 
without the cost of testing the actual 
built-up The need for 
this, economy wise, is clearly evident. 
Also a multitude of tests may be re- 
quired for the various types of connec- 


tions which will evolve from this pro- 


connection. 


gram 
The final design of the test set-up is 
shown in Fig. 8, where it may be ob- 


served that the pair of plates simulating 
the top plates in the beam-column con- 
nection are subjected to very nearly the 
same forces, and, further, that the ‘‘rig”’ 
in this tension test can be re-used 
repeatedly. Figure 9 shows Plate De- 
sign A mounted in the 300,000-lb 
hydraulic testing machine. 

Standard gage points were placed 
along the center line of the plate at 2- 
in. intervals starting at a point '/> in 
from the butt-welded end of the plate 
A 2-in. Berry gage was used to determine 
the relative 
along the plate. 
gage readings were unsatisfactory and 


strains at various points 


However, these 2-in 


final reliance was placed on an over-al! 
10-in. strain gage. 

The results of the tension tests of 
plate designs “A” and “B” are shown on 
the stress-elongation diagram, Fig. 10 
The predicted M-@ curve for Plate De- 
sign A based om the tension test results 
is shown in Fig. 5 as a heavy dash curve 

In the first test (Plate Design A) some 
difficulty 
alignment of the specimens in the test- 
the 
However 


was encountered due to mis- 
ing mg pomting out necessity ol 
accurate assembly. the aver- 
age curve came out close to what was 


predicted from the coupon tests 
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BY 
| AFAILURE IN BUTT 
“TEARING FIRST NOTED 
ae 
END OF STRAIN READINGS | 
a | 
TOP PLATE TEST 
30 
i | 
4 
z 
J 2 a 4 5 © 7 * 
Fig. 9 Mounted tension specimen for AVERAGE UNIT STRAIN — 10°? INCHES/INCH 
Plate Design A Fig. 10 Stress-strain curves: tension tests and top-plates of connection 
The failure in this first tension test plate. This M-@ curve is easily derived preted to mean that the top-plates must 
was in the butt weld at a stress of 51.3 ks from the tension tests results if it i have an effective contact width (w’) at 
and was entirely unpredicted. I[nvesti remembered that the tension in the top the column that is in exeess of the 
gations showed that the weld lacked '/, plate is a function of the moment on the effective, or critical width (w) of the 
in. Of full penetration, weakening it ex connection and that the elongation in top-plate Since the butt weld between 
cessively Figure 1! shows the de the plate is a function of the beam end top-plat« ancl olumn must not be 
tails of the bad weld and the change rotation, @ In other words, M Td stressed beyond 20> ksi according to 
made to help correct the situation. The and 6 e/d. ‘The resulting values are AISC and AWS specifications, and, since 
revised weld proved entirely sufficient plotted as the predicted M-@ curve the top-plate may be overstressed to a’ 
in subsequent tests which were checked hown as a heavy dash curve) in Fig. 5 in the eritieal section, the flaring out of 
As expected, initial yield lines ap The consequence is that the M4 curve the top-plate will be in the ratio of «/20, 
peared near the ends of the fillet welds predicted from the tension tests and the Referring to Fig. 3, Plate Design A or B 
in Plate Design A denoting the stress wtual connection M-@ curve are closel\ w The fillet welds at 
concentrations there, and final failure correlated, This indicates the ack the right end of the top plates in Fig. 3 
was across this pot and typically quacy of the tension tests for pred tion would require i length of Ac K a’ 
ductile in nature. In contrast, as was of the connection actions for this par divided by the permissible load per inch 
desired, initial yield lines appeared in the ticular plate design at least of weld 


iO f the reduced sect ot oe . t is ob el in the al » that the 
mid-region « he reduce ection Potentialities of the Connection* | ey} | lin the above that the 
Plate Design B and did not progress to “nount of welding is dependent on the 
either end until quite late in the test In studying the potentialities of thi effective area of the top plate. If the 
Final failure at a stre of 5S. ksi top plate type of connection it is felt ! tion under I leration relate 
ductile tear in the plate at the ends of that one should be governed by Section 
SC Specific mn fo De 
the curved fillets leading into the re | of pec ry olumns it is further noted that the 
ADrICALION rie rection 


to beams framing onto the flanges of the 


duced section of the plate ; Build olumn stiffeners will have a size about 
st ct ist ilo ‘ 

Several important conclusions may be the equivalent of the top-plate and that 
yne 2 mirigid) constructio 

drawn from the tension tests and thei: ynstruction the cost of welding these stiffeners is 


setup: (1) Careful fitting and welding be permitted only upon evidence that ikewiwe influenced by the selected effec 

are essential Use of wedges is recom the connections to be used are capaine ot tive area of the top-plate From these 
mended in the fitting Opel ition Fon resisting definite moments without over onsideration t ippear that the small 
the butt weld it is recommended that stress of the welds Phe proportioning est top-plate that satisfies the conditions 
the plate be beveled to in edge and that of main members joined by such connes Wil be the economical one Another 
a . aie sont gap be used 2) I tions shall bee pred ited upon no greater con ideration is that the smaller the top 


the above is followed. the aver we curve piate the matier the moments thrown 
mum known to be effected by the resperd 


obtained from the test will close nto the columns from the beams The 


ipproximate the curves for the in tive connection Pypes 2 and 3 cor economical aspects will be more clearly 
dividual nlates 3) Plate Design B “truction flexible and semirigid on hown by several designs of a typical 
pears to eliminate most of the stre nections, respectively necessitate 
concentration problems encountered ! honelasts but ell ue 
te win formation of a structural steel part, but Proposed Design Method | 
to increase the radius of the curved under forces which do not overstress the Lssumplions 
fillets somewhat hing bolts or welds , Phe wind moments are carried by a 
The important feature of these tension Phe above quotation could be inter litable diagona trussed frame so that 
tests was to check the po sibilit —- P it vuls need be considered 
predicting the moment-rotation curve proposals of the authors and must not be accepted n designing the beans colurmns and the 
lor connection using iti lar top of thet mnection 
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Design Procedure 

Design the beams (presumably for a 
uniformly distributed load) for WL/12 
on the basis of partially restrained joints 
with a guaranteed end-restraint of 50% 
when an overload of 1.67 * working 
load is the Thus, under 
working load, the actual end-restraint 
will be somewhere between WL/12 and 
75% of WL/12 or WL/16. The mo- 
ment at the center of the beam will be 
WL/24 and WL/16. Should 
an overload of 1.67 * working load be 
applied and should the end connections 
have the minimum guaranteed value of 
WY, restraint the mid-epan moment 
would WL/12. This would 
represent the ultimate capacity of the 
that, if the top 
connection is either stiffer or stronger 
than the bare design requirements, the 
beam will carry a correspondingly 
greater load, the use of WL/12 to select 
may well be 


on beam 


between 


become 


beam. Considering 


heam sizes conmdered as 
conservalwe, 

Therefore, design the top-plate on the 
assumption of 75%) restraint, that is for 
WL/16 at the eritical section. 
(Note also that 50°, of full end-restraint 
for an overload of 1.67 is 1.67 * WL/24 

5WL/72 where W is working load.) 

Thus, if A’ is the critical area of the 
plate, d is the depth of the beam, 
a, i the allowable tensile stress in the 
top-plate and a, is the yield point stress 
in the top plate 


WL 
lide, 


Required: A’ = (D-1) 


PROFILE 49° Bevel 
AND GAP 
eo] | PLATE “a” 


PLATE 


J 
Fig. 11 Details of top-plates 
at butt weld 


to satisfy the guarantee of 50% re- 
straint under 1.67, the above required A‘ 
must be equal to or greater than 

5WL 


72do, (D-2) 


To comply with the design require- 
ment that the welds must not be over- 
stressed the following procedure is sug- 
gested: 
(a) 
ment to the column. 
cent restraint from formula 6 or 7 (7 
preferred because it is on the safe side). 
Label as R’. (With experience this 
value can be estimated and often does 
not vary greatly from 90%.) The top- 
plate must be widened, in order not to 
overstress the butt weld, by the ratio 
of R'/75 (say by 90/75). If this is done 
and if a full butt weld is made, the de- 
sign requirement will be met. 


Widening of the plate for attach- 
Compute the per- 


(b) Fillet welds between top-plate 
and beam. The critical area A’ times 
@ gives the apparent tension in the top 
plate. However, this could be adjusted 
by the ratio R’/75 to get the true tension 
The remainder of the design is routine 

The above design procedure assumes 
that stiffeners will be used between thie 
column flanges opposite the 
flanges to prevent local distortion or 
buckling of the column flanges, and to 
insure that the connection behaves in 
accordance with the formulas developed 
This design method may be thought of 
as a safe, conservative method, that 
should be as easy to use, after a little 
practice, as fully restrained connections. 
It is probably somewhat competitive 
with direct welding of beams to columns 
dependent on the equipment available in 
the shops. It should be noted that in 
the top-plate type of connection al! 
field welding is in a down-hand posi- 
tion easily and economically placed by a 
welder sitting the Also, 
fabrication and erection tolerances will 
be greater than for direct welding. 

Example of Design Method I. 
sumed Design Problem: 


beam 


on beam. 


As- 


15-ft span and 50-kip total distributed 
load. 

20 ksi allowable stress for full penetra- 
tion butt welds, also allowable stress 
for the top plate. 

13.6 ksi allowable shear in steel and on 
throat of fillet weld (1200 |b/in. in 
1/,-in. weld size). 

75% end-restraint for connection design 


| } 
| 
| 


| 
ane” 4 } 
5 
PROPOSED DESIGN METHODS IT ors __ Pag we 
5 60% Ene 
i 
| 
3 
4 
© i> | 
L | 20h 7 — 


See Fig ter detente of 
ete shown bere 


Fig. 12 Details of top-plates for proposed design methods 


design methods 


4 


G-ROTATION OF BEAM END WITH RESPECT TO COLUMN RADIANS is 


Fig. 13 Predicted moment-rotation curves for proposed 
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and 50% end-restraint for beam 
design 
Beam Design 
M WL/12 = 50 X 15/12 = 62.5k-ft 
VS 62.5 12/20 37.50 
in.? 
Most economical section: 14 WF30 
41.8 
50,2 
Web shear _ 6.69 
(0.27 13.86) 
ksi < 13.6 OK 
Use: 14WF30 
Top-Plate Design 
By eq D-1, A’ WL lida, 


50 x 15 &K 12 
16 14 K 2 
Choose Plate Design B for illustration 


2.01 in.? 


(see Fig. 3) 
Make critical section 5.0 in. > « in 
A 2.19 in.?) 
Eq (D-2) is amply satisfied 
5WI 50x 15 12 
72 14 X 33 


2.01 in.? .. OK 


long 


by 6in 


Widening of top plate for connection to 
column 


By eq 7, GR 
100 2.19 192 145 & 12 
(4 K 290 X 7) + (2.19 K 192 ISO 
89.9%, (say OO 
Minimum width 5.0 in. * 90/75 = 6.0 in- 
Widen plate to 6.00 in. for column con- 


nection 
Widen plate for 
5.75 in 
(Beam flange is 6.75 in 
Required length of length of fillet weld 
at 3k/in 
201 30 90/75 
3 


beam connection to 


wide 


16.1 in 


Weld 5.75 in. on end of top-plate and 
5.5 in. on each edge See Fig. 12 for 


details of plate design 


Seat Design 

Any standard method may be used to 
pick the seat based on the vertical re 
carried, However, pro 
vision the 
thrust of the bottom flange of the beam 
to the column. This may be done by 
using a square butt weld between the 
flange end and the column or by 
fillet welds between the flange edges and 
the top seat. See discus- 


sion under Experiments 


Proposed Design Method Ii 


Assumptions 


action to be 


must be made to arry 


urface of the 


Entirely the same as in Method I ex 
cept that it is desired to design the top 
plate with out requiring 4 flaring out to 
butt the This _ will 
permit the use of universal mill plates 
of the correct width and will insure that 
the tension in the top plates will be 


parallel with the direction of rolling 


against column. 
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Design Procedure See Fig. 12 for details of plate design 
The top-plate stress, as well as the : 
Proposed Design Method IV 
butt weld, will be 20 ksi with working 
load on the beam Since the plate will 1 ssumpltions 
be thicker than in the previous example Combined wind and gravity end 


the percent restraint will probably work moments im the 


out about 95% It is suggested that the 


connection. 


5% reduction of end moment from WL Design Procedure 
12 be disregarded except in those cases | Find wind moment at beam- 
where it permits selection of a more column connection by some acceptable 
economical standard size of plate procedure 

Example of Design Method IT. Same 2. Assuming the top plate connection 


Design Problem as in I will be similar 


amples, the gravity 


to those 
moment at the con- 


in previous @X- 


vate Design nection will be very closely equal to M, 
A’ WL/\2de WL/12d20 WL 9 

240d HX 15 12 27 in.? 3 Che total maximum end moment 

240 xX 14 will then be M M. + M,. The 

Choose top-plate 5 */ ein. (A’ 28) proposed procedure of designing for 
in.*) O.75M will be used 

Use fillet welds at 3.64) in j The permissible unit stress for the 

tequired length of fillet weld top plate is not pecified in AISC 

2.4 X WD 1s in Specifications but will be taken as 24 ksi, 

3.6 although a higher value would undoubt- 

edly be safe lience required A of the 


Proposed Design Method Ill 


top plate will be 
Assumptions 


No wind moments as in Method I = 
Take full advantage of the rule per 
mitting “nonelastic but self-limiting ». Beam design will be based on 
deformation” of the top-plate Required Li 0.75M wy o. The 
Raise o in eq D-| to such a value that proper value for o is debatable as some 
eq 1-2 is also exactly satisfied, provided designers might use 20 ksi while others 


only that the stress might 


not exceed the 


in the top plate does 
ield the KSI 


material when working load is on the Krample of 
Assumed Design 


load 


point of 


beam 
and gravit 
Design Procedure 


By equating D-1 and D-2, a, 4 ( 
0.90, 29.7 ksi for A-7 steel. How- B 
ever, the actual stress in the top-plate Kip-te, fot 


of 60 kip-ft 


which is given by 0, * R’/75, must not 


Assume M O9OWL 
exceed ay. For the average case where 
R’ WY, must not exceed 33 ay! 
75/90 or 27.5 ksi Therefore use a, 
27.5 ksi for design of the top plate. be used to 
Example of Design Vethod oft for use in 
Assumed Design Problem: Same as for sumed 
Method I except permit stress in top Beam [Tht wn 
plate under working load to increase to i 0.90 * Ww 
but not exceed, the vield point kip ft 
Beam and Seat Design Case A Required I/c 
Same as for Method I 
0.75 (56.25 + 30) 12 


Top-Plate De ujn 


20 
" 
2. 
By eq. { WL/\6da, Case B Required I/c 
5O x 15 xX 12 | 
1.46 in O.7% + OO 
section Join. (A Use: 14WEBR 
1.5 bY On. long 


1GWE36 


\W idening ol top plate for connection to 


column T'op Plate De “gn 
Minimum width 1.0 * 33/20 
6.6in. Use 6*/,in Case A: Required 
Widen plats for beam connection to 
5.75 in. to reduce stress concentra- 0.75 (56.25 + BO) V2 
tions at ends of box fillet welds 24x 14 
tequired length of fillet weld , in Case B Required A 
33 0.75 (56.25 + 12 
it 3k/in , 16.5 in 
3 A x 14 
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Design 
Problem 


4 in 


irgue that the AISC permits 24 


Vethod 


Same 


span 


in previous @x- 


A «a wind moment of 
a wind moment 


12 for practical 


For greater precision formula 
compute the actual 
pl we of the 


56.25 
a 
38.5 


41.8 in.*). 


52.3 


54.6 
*) 


0.75M wo 


ad 


2.41 


| 

| 

|| 

3.11 in.? It 


+ Top plete 


Fig. 14 Showing assumed rotations of beam at the connection. 
(b) Connection rotation assumed about the center line of beam 


about the base of beam. 


should be noted that use of @ 33 
ksi for the top-plate design would be 
close but safe if small plastic deforma- 
Also, if 24 ksi 


is permitted in the beam design some 


tions are acceptable 


savings in beam weight would be 
achieved, 


Summary 


In summary, a method of analyzing 
a top-plate type of beam column con- 
nection has been presented, accompanied 
by a test of a built-up two-way beam- 
column connection to verify it. Also 
presented was a tension test arrange- 
ment whereby new type top-plates can 
he tested for adequacy without resorting 
to the expense and complication of the 
built-up assembly. The potentialities 
of this top-plate type of connection are 
given in four proposed design methods 
as follows 

1. All of the proposed top-plate de- 
sign methods have the advantage of 
permitting the beams to be cut to stand- 
ard structural tolerances 

2. All of the methods are planned on 
the basis of downhand welding of the 
field welds 

4. Proposed Design Method I is a 
conservative design method that is about 
as simple to apply as a fully fixed direct 
welded connection and has the same 
economy of beam design 

1. Proposed Design Method IL is a 
conservative design method similar to 
Method I except that no flaring of the 
top plate is required 

5. Proposed Method III 
utilizes the same design procedure for 
the beam as for Method I, provides a 
little economy of top-plate over I, re- 
duces the maximum moment which the 
beam may throw into the column, but 


Design 


requires slightly more design effort 
Design Method IV 
shows how wind or other lateral loads 


Proposed 


may be combined with gravity loads to 
effect a safe design. 

7. The predicted moment-rotation 
characteristics of the four designs are 
given in Fig, 13 
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Once the provision for self-limiting 
plastic deformations is accepted, it is 
readily seen that the top-plate beam- 
column connection has economic poten- 
tialities. As mentioned previously, 
however, additional tests should be run 
to obtain more complete confirmation of 
the proposed design procedures, espe- 
cially as regards the interaction of lateral 
or wind loads with the gravity loads. 
The project is well worth pursuing when 
one realizes the potential economies and 
the simplified design procedures which 
will evolve. The United States is 
noted for its conservative design prac- 
tives and the added relative 
The foregoing is one place 
where those costs can be cut down, and 


costs 


thereto. 


structural steel made to work to its 
full potential eapacity 
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APPENDIX 


Welded Beam-Column Connections 
Top-Plate and Seat Type 


I. Derivations of equations for the 
relation between stress in the top-plate 
and the load on the beam. 

Case A 


place about the base of the beam (which 


Rotation is assumed to take 
is the approximate case for connections 
incorporating light top-plates 

Notations 


sectional area of top plate, in.’ 
= effective length of top plate, in. 
total distributed load on beam 
kips 
beam span, in. 
depth of beam, in. 
tension in top plate, kips 
stress in top plate, ksi 
= end slope of beam, radians 

‘ elongation in the top plate, in 

E = modulus of elasticity = o/« 

In Fig. l4a: The actual end slope 
may be expressed as: @ = e/d, where 
‘ «L’ oL'/E. = aL'/Ed on 

TL'/A'Ed. 

The actual end slope also may be ex- 
pressed by area-moment theorem «as 

WL Tal 
~ 

Since @ must be the same in both cases 

TL’ WL? Tab 
A'Ed~ Ed ~ 24EI 2EI 
From which the following useful equa- 
tions evolve: 


6 
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L 
a 
~4 4 
' 
Beam 
4 
J | 
— — 
(a) (b) 
4 
| 


In Fig. 146: The actual end slope Case A Rotation about base of 


may be expressed as: @= 2e d. @ beam. Substitute value of « from eq 2 


\ /| len Ed on 27 L'/A'ed Into eq 5 
As in Case A 0 WL? 


1200.4 ‘d 
TAL /2E1). From which the following R= 


useful equations evolve: 
WL?/241 i2 LoL’ 4 
‘ 2L'/A'd) + (dL /21 100A Lh 
+ 


Rotation about mid-height 


WLitd I ] j of beam Substitute value of o from 
12 + eq 4 into eq 5 
Fig. 15 Moment diagrams: (a) for a WL WL 1200.4 ‘d 
uniformly loaded beam with fully 12de R 
fixed ends; (b) for a uniformly loaded sop Wd ' 
er i one eq it ons ol nie 
beam with top-plate end connections percent restraint prov by the top 12 t 
plate connection EL (7 
In Fig. 15a the resisting moment pro VL! + A’AL 
WL? /24l vided by fully fixed end condition 
L'/A‘d 1L,/2] 
2/9 ment at commencement of plasti 
In Fig. 154 the resisting moment pro M0 
/ d ided } } action for pred ion curve 
WL ' Hog Vy the top plate end condition Assuming that the top plate vields at 
2 3 ksi d responds as a uniaxially 
Hence, regardle # the location o stressed member, the plastic action will 
{ the center ol rotation the percent begin when the connection moment 
12de d* restraint may be expressed as Td, where T = A’ay, Hence: 
Case | otation is assumed to tah oR Td 100 1200 7d (®) 
plac e about the mid height ol the beam WL/12 Wi 
(which ts the approximate case for con 12004 ‘od Ifo > KSI 
nections incorporating heavy top plates V ‘d plastic moment (Sa) 


THE WELDING OF STEELS FOR 
HIGH-TEMPERATURE PURPOSES 


BY E. KAUHAUSEN 


Abstract of “Das Schweissen warm Table |—Principal Steels for High-Temperature Application 
fester Stabile und Die Daal rch Type of Steel Si Vn Ni, Others 
benen Neuen Anwendungs Moglichkei- 13CrMo 44 015 030 0406 0810 45-4) Bh 
ten,” published in Grosse Schwetss 0 4%Cr: 0. 8% 
lechaische Tagung 1955, | Viewege Mo: 0 015 0 30 0406 03-04 0 700 85 0 24-0 SOV 
Solin, Brauschweig, Germany, pp. 10 lOCrMot 10 010 0 0406 2025 0. 90-1 10 
16 LOC 10-120406 1620 025 0 30 0 26-0 30S 
12CrMol05 012 030 O406 4060 0 45-0 65 
Phe most important steels for hig! 120 rMol95 
temperature applications in power plant 12 12-140.40 6 0 0 450 645 
refineries and gas turbines are listed in 12 0 0406 6080 0 45 65 


Table | Phe last four steels are austen 


1I2%Cr 
ti Table ase welded 1% MoVW 030 040611 6125 0 00-1 10 0 25-0 304 
main) th covered electrodes Line 0 45-0 55W 
type matings are used for all compos 16%Cr 
tions Titania coatings are safe aga t Nb 0 1OxCY Ta/Nb 
AYN 
crach to Ferrit Mo VN N ow 3 0 75V O75N 
steels are not welded with austenitic el WxC%Ta/Nb 
trodes due to difference in coethicient 16%Cr 76%Ni 
expansion, Oxyacetylene welding is used Mo N 10 0 60 | 
12%N 
ont for thin-walled tubing ther lan 
10%Co MoW 
omy up to to It is next Nb 15 i014 40 120 20 £25W;10.0Co 
to impossible to control the composition 4 OVa/Nb 


of gas weld metal. Argon welding with The ferritic steels in Table 1 are 
Abstract prepared by G. E. Claussen. Meta tungsten electrode is used for welding preheated to 390-750° Ff depending on 
gist, Metale Research Laboratories, Niagara Fa “a 
the root Piss | 1, im piping (ontinued on page 556-4) 
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EVALUATION OF WELD-CRACKING 
TESTS ON ARMOR STEEL 


Different heals of alloy armor plate studied by means 


of cruciform, controlled thermal severity and 


multiple bead-on-plate weld-cracking susceptibility lests 


BY S. WEISS, J. N. RAMSEY AND H. UDIN 


ABSTRACT. A study of the “cruciform,” 
“controlled thermal severity’ and “multi- 
bead-on-plate” weld-cracking suacepti- 
vility teste has been performed. The 
cooling rates at 1000 and 572° F in the 
heat-affected zones of these three tests, 
whieh differ widely in external restraint, 
were determined and found to be approxi 
mately equivalent for half-inch steel plate 
Two different heats of alloy armor plate 
were studied; the eruciform test, which 
is assumed to incorporate the highest 
restraint, resulted in underbead cracking 
in both heats while none was observed in 
the other two teats. The rate of cooling of 
a controlled thermal severity test speci- 
men was artificially increased to a high 
value and cracking still did not occur 
The resuiie obtained indicate that for 
these materials the degree of external re- 
straint plays a more important role than 
thermal severity in causing hard-zone 
eracks 


Introduction 

The welding engineer must face 
problems in order to obtain satisfactory 
shielded metal-are welded fabrications 
The soundness of a welded joint can be 
influenced by the welding procedure, the 
skillfulness of the manual operator and 
the resulting effeets of welding on the 
The welding procedure 


many 


base material 
involves variables such as the filler 
heat input, welding techniques 
postheat and 


metal 
and sequences, preheat 
peening Also, the welding operator 
must possess the manual dexterity and 
skill to make satisfactory welds under 
supervision and with proper 


The engineer attempts to 


correct 
equipment 
maintain control of weld quality by 
means Of standardized procedure and 
operator qualification tests in addition 
to X-ray, magnetic particle, fluorescent 


S. Weiss wae formerly associated with the Process 
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powder and TAC TORBCOpPIC and microsco- 
pic examination. However, one of the 
most serious problems that confronts 
the welding engineer concerns the de- 
fects introduced in the base metal and 
the weld metal by the welding oper- 
ation. Thus the phase of weldability 
which has become increasingly impor- 
tant is weld-cracking susceptibility, the 
tendency of the base metal and the weld 
metal to form eracks due to welding 

When a steel is welded, it undergoes a 
complex thermal cycle which causes 
certain important changes. The 
mass of cold metal (assuming no pre- 
or postheating) surrounding the weld 
and heat-affected zone provides a 
quenching medium, the intensity of 
which is dependent upon the material 
thickness, joint geometry and the heat 
input. The cooling rates caused by the 
quench are generally high and with 
alloy or higher-carbon steels result in 
the formation of martensite, an unde- 
sirable but oftentimes unavoidable 
structure in welding. This factor, in 
combination with the mechanical effects 
introduced by volume changes caused 
by tempt rature and phase changes, can 
lead to cracking and failure of the joint 
in certain circumstances.' 

Precautions such as pre- and post- 
heating have been used to some extent 
to prevent cracking. Preheating reduces 
the rate of cooling in the critical range, 
while postheating tempers the products 
of the austenite decomposition and re- 
lieves residual Preheating 
and postheating practices are not always 


stresses. 


successful, or feasible, as in the case of 
extremely large fabrications. Experi- 
ments must therefore be performed on 
alloy steels which yield hardened zones 
that are prone to cracking, in order to 
determine whether or not they can be 
satisfactorily welded without the use 
of pre- and postheating. 

The selection of a suitable test to 
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determine the crack susceptibility of 
various heats of steels when subjected 
to welding is a difficult and confusing 
problem. The test methods available 
to date are numerous and still increas- 
ing. Many of them have not been 
sufficiently standardized or evaluated 
and there is no scientific basis for select- 
ing a particular test or group of tests 
for a specific application 

The ultimate goal of all crack-sus- 
ceptibility studies is to arrive at an ideal 
test which incorporates the following 
features 


(a) High sensitivity to the effect of 
welding on steels 

Good reproducibility 

(c) Simplicity of specimen 
ration and testing procedure. 

(d) Direct correlation with fabrica- 


prepa- 


tion and service requirements 


There are still too many unknown fac- 
tors which must be sorted out and 
understood before the ideal crack- 
susceptibility test can be achieved. 
However, several tests have been pro- 
posed and used with limited degrees of 
success. Only in the more recent 
studies has the importance of separating 
the welding variables (e.g., effects of 
hydrogen, external restraint, thermal 
severity) been investigated, subsequently 
leading to fruitful results. 

A major problem which can oppor- 
tunely be dealt with is the evaluation 
and comparison of existing crack-sus- 
ceptibility tests utilizing the knowledge 
obtained in the recent investigations of 
welding variables. 

The types of cracking commonly 
found in welded joints are in the heat- 
affected zone immediately adjacent to 
the fusion line, and in the weld metal 
Several investigators have suggested and 
indirectly demonstrated that hydrogen 
is a major factor in causing these 
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cracks 


still not fully 


observed at ma 


100 diameter 


Although this 
understood 


subject is 


the evidence 


Controlled thermal severity test assembly for alloy steel 


gnifications greater than 


This was a particular! 


indicates that the use of low-hyvdrogen significant result since it revealed that 
coated electrodes is mandatory for satis cooling rate and not restramt was the 
factory welding of most alloy steels major factor in the formation of heat 
The relative effects of restraint and iffected zon Ch It was, however 
of the cooling rate on the incidence of noted that restraint enlarges the crack 
hard-zone cracking has been the subject and facilitate letection. The bulk of 
matter of recent investigations of Cottrell’s findings pertains to an area 
Cottrell, et al.?~! experiments per of little practical interest—the welding 
formed with restrained fillets, unre of crack-susceptible steels with other 
strained fillets and structural joints than low gen electrodes A criti 
(with a given steel and electrode) ind) cal cooling rate at 300° C, above which 
cated a relationship between hard-zone racking ir, Was found for eacl 
cracking and the rate of cooling at 300 electro to mbination however 
( (572° F) in the heat-affected zon ilmost me king was observed i 
The unrestrained fillet veld test pecimens welded with low hydrogen 
ielded underbead cracks which were electrode 
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Fig. 2. Cruciform or double-tee fillet test assembly for 
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These studies have led to the devel- 


opment of the “controlled thermal 
severit test his test consists of four 
assemblies of varying thicknesses (ma- 


to 2 and is 
ielding known of 
representative of the 


terial 


range 


capable of values 
thermal severity 


range attained in structural joints. 
bithermal and 
trithermal test weld (Fig. 1), the latter 


because of a higher 


has a 


being 
rate of heat dissipation, Some re- 
straint is incorporated in the specimen 
anchor welds made along 
the top plate 

Che “eruciform" (or “double tee fil- 
let’’) test, Fig. 2, has been suggested by 


Group of the Ordnance Ad- 


by means of 


opposite ol 


i Committee on Welding of Armor 
is a test of armor plate crack sensitiv- 
it  Trithe heat flow is expected 
in thi wn. However, quadri- 
thermal heat fl Is possible, depending 
upon the effieiens of heat tranafer 
between the ground plates. 
Chis test is initially one of high restraint 


which increase progressively with the 
deposition of each fillet weld Herres 
investigats ous high-strength con- 
tructior tar ind electrodes, along 
vith different welding procedures by 
mean 1 ructiorn specimen, and 
iurrived at a “no go” evaluation 


crack susceptibit 


Chyle Kutuchief, of A. O. Smith 
Corp., developed a simple “multiple 
head-on-plate rack susceptibility test 
d » World War IL and have con- 
timed ft ints utilize 
[hv test edure consists of deposit- 
ng three weld beads im suc 
‘ the t | being located between 


the first twe big. 3 The restraimt 


test, which is completely 


internal, ma e attmbuted to any one 
or a coml tion of the self-imposed 
‘ ul traction and transforma 
tion atre 4 
his investigation has been performed 
to evaluat nd compare the controlled 
"| 
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thermal severity, cruciform and mul- 
tiple bead-on-plate weld cracking sus- 
ceptibility teste on heats of thick 
armor plate. 

The parameter selected for the basis 
of the three teste 
thermal severity. The cooling rates (at 
1000 and 572° F) in the heat-affected 
zones of the welds of each test specimen 
were determined and compared 
the restraint is different for each test 
an attempt was also made to estimate 
qualitatively the effects of rigidity 


Experimental Work 
Description of Apparatus, Materials 
and Techniques 


The most skilled welding operator is 


of comparison was 


Since 


unable to control completely the vari- 


| 
| 


NO.2 


Fig. 3 Multiple bead on plate test 
for ' »-in. thick alloy steel 


Fig. 4 Automatic electrode feeding 
mechanism 


550-8 


ations of the are length during welding 
and, as a consequence, fluctuations of 
are voltage, welding current and energy 
input oecur. For practical applications, 
the flexibility of a manual operator is 
alivantageous, since he can alter the 
are length and electrode angle, and 
thereby attain control of the molten 
weld pool as desired. However, for the 
purpose of comparing each weldability 
test on different heats of steel, it 
helieved best to minimize the number 
of variables inherent in manual welding 
by using an automatic device. 

An automatic electrode-feeding mech- 
anism, capable of maintaining 
stant are length, was designed, built 
and used to perform the test welding 
throughout the investigation. The me- 
chanical features of the mechanism are 
shown in Fig. 4, and a detailed deserip- 
tion of the electrical circuit and the 
method of operation is given in Fig. 17 
and the Appendix. If the are length 
chanced to increase during the welding 
operation, the are voltage also corre- 
spondingly increased. When this rise 
in voltage was sensed by the motor, it 
speeded up and resulted in a faster 


was 


cone 


TEST PLATE 


bi 


rate of feed of the electrode, until the 
are length was restored to its origina! 
length. The converse was true in the 
case of a shortened arc. 

The height of the welding head was 
made adiustable, and a housing was 
designed which permitted the position- 
ing of the electrode at all possible angles 
As shown in Fig. 4, the welding elec- 
trode was mounted in a copper rod which 
was pulled between the current carrying 
brushes by motor-driven spring-loaded 
hard rubber The work 
was mounted on a motor driven, con- 
stant-speed carriage, and passed under 
the electrode during the welding oper- 
ation, 

Although further improvement of the 
apparatus can still be made (see Ap- 
pendix), the unit operated very suc- 
cessfully, and made extremely uniform, 
high quality welds containing very little 
porosity or slag inclusions. 

Temperature measurements of the 
test welds were made by preplacing and 
welding thermocouples in the test speci- 
mens. Chromel-alumel thermocouple 
wires (number 30-gage) were initially 
inserted in a double-holed porcelain 


wheels. load 


450v 0c 
el 


Fig. 5 Schematic diagram of capacitor-discharge apparatus for joining thermo- 


couples to test specimen 


THE RMOCOUPLE 


“PORCELAIN INSULATOR 


Test PLATE 
WELO 


VOLTAGE 
DIVIDER 


Fig. 6 Schematic diagram showing method of obtaining time-temperature 


curves of test welds 
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ceramic insulator having an outside 


diameter of 0.050 in., and spot welded Table 1—Chemical Composition and As-Received Hardness of Armor Steels 


The junction was trimmed as small as OE ee Rockwell C 
possible to minimize thermal gradients Heat No ( Vn Vo hardness 
in the thermocouple itself. The thermo- 30 1 63 44 20 Oo O16 0 O18 
couples were then inserted in the pre O724 0 25 1 53 0 44 0 2% 0 O10 0 022 38 


located holes (0.052 in. in diameter) of 


the weldability test specimens, and 


joined to the base metal using « capa 


citor-discharge welding apparatus (Pig 
5) 
The time-temperature curves ol the 
test welds were obtained vith the ei in 
cuit illustrated in Fig. 6. The voltage 


generated at the thermocouple junction 


was recorded using a high-input-imped 


ance direct-current amplifier. A_ volt 

age divider was incorporated in the vy ai 
circuit to provide a full-seale recorder 

indication of the temperature range 

caused by welding. Since the voltage peek >. 


temperature characteristics of the chro 


mel-alumel thermocouple were known 


the recorder could be calibrated using 


the variable voltage output of a stand 
ard potentiometer. Calibrations wer 
checked immediately before and after 
all test runs. Figure 7 is a photograph 
of typical time-temperature curves. 

The cooling rates at 1000 and 572° | 
were directly obtained from the time 


temperature curves with the aid of a 


protractor which had a 0- to 90-deg “fh ~ 

major scale and a |-deg vernier seal 

calibrated in steps of 5 min. Individual ere 

readings of the tangents to the curves 
by three people resulted in a maximun Fig. 7 Typical time-temperature curves of test welds 
deviation of +20 min. which was a 

negligible error with regard to the coo! 

ing rate 

Two representative production heat ] 
of '/>-in. thick armor plate were investi ~ — 
gated Heat No. was rare-earth | 
metal treated: Heat No. 0724 was rare ; 
earth oxide treated The chemuien 
compositions and as-received hardnes } { | 
of the steels are given in Table | The ‘ 1 ' | 
steels were heat treated at the mull a | 
follows 


a) Austenitizing treatment—bot! 
heats were held at 1650° F for 
hr and water quen hed r 


was held at 875° F for 1 » hr and 


Heat 0724 was held at 850° | 
for 1°/, hr, both followed b Fig. 8 Continuous cooling transformation diagram for Heat 0681 


water quenching 


These two heats have never been sub 
Table 2—Weld Settings 


jected to actual welding fabrication and 


therefore background information con , 
‘ligt 


Generator 


their relative crack susceptibil 
cerning heit relati wk susceptibill open peed Electrode 
ties was lacking. Preliminary H-plate circuit Welding of worl angle, deg 
test'’results of a related investigation Test voltage Voltage ent m/min Vertical Hor 


showed that cracking had occurred in zontal 
hoth heats Also, the hardenahility of Multiple Bead-on-Plate 7k 21-24 % 75 5 
Heat OGS! has been reported to he Controlled Therma! 
somewhat higher than that of Heat Severity 25-2) 
0724." (‘ruciform * 25-27 2A) "75 5 

A continuous cooling transiormation 
diagram has heen obtained for Heat * Pour ground clamps were used. as shown in | y. 4, to prevent severe magnetic are 


0681” and is shown in Fig. 8 Althoug! blow 
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Fig. 9 Cross section of multiple bead-on-plate specimen showing thermocouple 
Etchant, 3% Nital 


placement. Magnification X2'/», 


Fig. 10 Cross section of trithermal 
test weld of controlled thermal severity 
specimen showing thermocouple place- 
ment 


Magnification, Etchant, 3% Nital. 


no continuous cooling data have been 
obtained for Heat 0724, a similar dia- 
gram would be expected. Figure 8 
indientes that the transformation prod- 
ucts whieh occur on cooling from weld- 
ing temperatures are martensite and 
a small amount of low-temperature 
bainite. Consideration of Pig. 8 indi- 
cates that preheating would not be ef- 
avoiding low-temperature 


transformation products 


fective in 


A large number of * yin. low-hydro- 
gen 10016 electrodes was obtained for 
use throughout this investigation as 
well as for related and future studies 
The electrodes complied with specifi- 
cation MIL-E-986B (ships) Type MIL- 
230-16. They were baked in an oven 
at 350° F for a minimum of 3 hr and 
used immediately after removal from 
the oven 

Preliminary runs were made on '/ yin 
thick hot-rolled steel weldability test 
specimens to determine suitable weld 
settings with the automatic electrode 
feeder. At this stage of the investiga- 
tion, it was anticipated that subsequent 
work would have to be done to equalize 
the cooling rates of the welds of the 
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Fig. 11 Cross section of cruciform 
test showing thermocouple placement 
for measuring weld passes | and 3 


Magnification, X3. Etchant, 3% Nital. (Re- 
duced by one half upon reproduction.) 


three test specimens by means of heat- 
ing or cooling sinks. Cons quently, no 
efforts were made to establish identical 
energy input levels in the different tests 
Instead, which 
resulted in uniform and sound welds 


satisfactory settings 
fairly representative of production weld- 
ing and with little spatter were estab- 
lished and are listed in Table 2. The 
test welds were cross sectioned, and 
und heat-affected 


zone measurements made with the aid 


weld penetration 


of a toolmaker’s microscope. It was 
then possible to preplace and weld the 
thermocouples at known distances from 
the weld fusion line and within the heat- 
affected zone. 
test specimens showing the thermo- 


Cross sections of the 


couple locations can be seen in the 
macrophotographs of Figs. 9, 10 and 
11. 

Two thermocouples were used for 
each test weld and were located as 
follows: 

(a) Multiple 
and 5 in. from the beginning of the 


bead-on-plate test—4 


test bead. 
(b) Controlled thermal severity test 
1 and 2 in. from the beginning of both 
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the trithermal and bithermal test 
welds. 

(c) Cruciform test-—2',, and in 
from the beginning of the test welds 
Temperature measurements of weld 
passes | and 3 only were made 

Figure 12 is a photomicrograph show- 
ing one leg of a welded thermocouple 
in relation to the test weld. Subse- 
quent polishing of this sample revealed 
that both legs of the couple were suit- 
ably welded at the bottom of the hole 
In addition to the metallographi 
studies, thin slices (approximately '/s 
in. thick) containing the thermocouples 


Fig. 12 Photomicrograph showing 
one leg of tiermocouple welded to 
bottom of hole which is located in the 
heat-affected zone 

Note dendritic weld structure at bottom. 


Magnification, X75. Etchant, 2% Nital. (Re- 
duced by one half upon reproduction.) 


Fig. 13 Internally cooled controlled 
thermal severity specimen 
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were cut from the weldability 
mens and radiographed. The thermo- 
couple wires and welded joints were 
visible on the X-ray film, and provided 
another method of checking 

During the course of experimentation 


speci- 


it was observed that 
located too close to the weld (O.015 in 


therme ouples 


or less) yielded erratic results which 
were dise arded This may have been 
caused by localized distortion of the heat 
flow pattern by the thermocouple hole 


Metallographic examination of such 
specimens showed a discontinuity of the 
weld fusion line in the vicinity of the 
thermocouple hole A distance of at 
least 0.020 in. was therefore maintained 
between the test weld and thermo 

couples 
In all, 6 multiple bead-on-plate, 6 
controlled thermal severity and 4 
cruciiorm test specimens of enc h heat 
ol armor plate were made and investi 
gated for cracks. The initial and inter 
pass temperature of the test specimens 
F + §° J 


completion of the wel 


was in every instance SU 


Following ing 


all test specimens were allowed to stand 
in the as-welded condition at least 48 
hrs. at room temperature 

The specimens were heat treated as 
follows in order to prevent the intro 
duction of cracks 
and to facilitate the cutting operation 

a) Multiple 
Heated at 1100° F for 


cooled to room temperature 


during sectioning 
bead-on-plate — test 


2 hr and furnace 


b) Controlled thermal severity test 

Heated at 1100° F for hr and fur 
nace cooled to room temperature 

Crueiform test'* Heated at 
1100° F for 2 hr and furnace cooled 
The test specimens were inserted into 
the furnace when the furnace tempe 
ature was below 300° | rhe rate of 
heating of the test specimens above 
300° F, and the rate of cooling afte: 
the 2-hr hold did not exceed 100° | 
per hour. The specimens were removed 
from the 


furnace during cooling when 
the furnace temperature wa 


mately 300° | 


ipPproxi 


Sectioning was accomplished b 
means of water-cooled, mechanical cut 


ting saws and cut-off wheels Precau 
tions were taken to avoid heating the 
sections during cutting The first and 
last inch of each test weld or bead was 
discarded 

Ix ross-sectional proxi 
mate} in. thick, were taken trom the 


multiple bead-on-plate and cruciform 
Two in. slices were 


test specimens 3 
ind tritherm 1} 


eut from the hbitherma! 


welds of the ontrolled thermal! sever 
ity test for examination Kach cros 
section was suitably identified in orde: 


that its respective location in the test 


specimen Was clearly recognized 

(ne tac enact lice Vas polished 
through 2,0 paper The multiple 
bead-or slate and ontrolled therma 


1956 


severity samples were etched with an 
ammonium persulfate solution, whereas 
the cruciform samples, in accordance 
with Ordnance procedure,'* were hot 
etched in a sulfuric acid solution. The 
samples were then inspected for cracks 
at a magnification of 50 diameters 
These sections were further polished 
flor microscopic examination with the 
use of diamond polishing wheels. The 
polished 5 imples were etched with a 24 


Nital solution and metallographically 


examined for cracks at magnifications 


of 100, 250 and 500 diameters 
As-welded 


multiple 


bead-on plate 


controlled thermal! severity and cruci- 
form specimens of heats O6SL and O724 
were sectioned, and the samples were 
prepared for testing 
The tests were made on a Tukon hard- 
ing a 500 g load and 

Ihe Knoop hard- 


ness indentations were made in the 


microhardness 


ness tester employ 
a lO mm objec tive 
vicinity of the thermocouples, and 
traversed the heat-affected zones 
Modified Controlled Thermal Severity 
Specimen 
k:fforts were directed toward increas 
cooling of the trithermal 


ontrotled thermal sever- 


ing the rate of 
test weld of a 


Fig. 14 


placement of the cooling holes and thermocouple 


Etchant, 3% Nital 


Cross section of internally cooled trithermal joint showing 


Magnification, X3. 
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Fig. 15 Cooling rates at 1000 and 572 


F in the heat-affected zone versus 


distance between thermocouple and weld for the multipie bead-on-plate, con- 


trolled thermal severity and cruciform test welds 
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ity specumen to determine the resulting 
effects of abnormally high cooling rates 
on the inducement of hard-zone crack- 
ing. 

Internal cooling of the tritherma! 
joint was drilling 
holes ('/, in. diam) parallel to the test 
weld through the top and bottom plates 
and cireulating water through them dur- 
ing the test run. The anchor welds 
were '/, in. away from the trithermal 
joint in order to prevent blocking of the 


accomplished — by 


internal cooling holes 

The welded test specimen which was 
made from Heat shown in Fig 
13. Figure 14 is a cross section of the 
test weld showing the internal cooling 
holes and thermocouple location 

The specimen was welded, heat 
treated and sectioned in the same man 
ner as the normal controlled thermal! 
severity test specimens 


Results 

The cooling rates at 1000 and 572° Ff 
in the heat-affected zones of the mul 
tiple bead-on-plate, controlled thet 
mal severity and cruciform test welds 
are shown plotted in Fig. 15 as a fune- 
tion of the distance between the thermo- 
couple and weld 

No indication of weld metal or hard- 
zone cracks were detected, by means ol 
roscopie and PORC Op 
nation, in the multiple bead-on-plate 
and controlled thermal severity test 


MULTIPLE BEAD 


ON PLATE TEST 
HEAT NO.O68 | 


specimens of Heats 0681 or 0724 

However, severe underbead cracks 
were observed in the cruciform test 
specimens. Heat 0681 appeared to be 
more severely cracked than Heat 0724 
Underbead cracking in Heat 0681 oc- 
curred beneath weld passes 3 and 4; 
whereas, underbead cracking was ob- 
served for weld pass 3 in Heat 0724 
In both materials the cracks extended 
over the entire longitudinal direction 
of the welds 

Plots of the Knoop hardness numbers 
versus distance from the approximate 
weld fusion line of the as-welded multi- 
ple bead-on-plate, controlled thermal! 
severity, and cruciform specimens are 


shown in Fig. 16. 


Modified Controlled Thermal Severity 
Specimen 

The cooling rates obtained for the 
internally trithermal welded 
joint were respectively, 2! 
higher at 1000 and 572° F than nor 
mally obtained with the standard con- 
trolled thermal 
The cooling rates and the distances be- 
tween the thermocouple and approxi- 
mate weld fusion line are given in Table 
4. 

Metallographic examination of the 
polished and etched samples at magni 
fications as high as 1000 diameter- 
showed no indication of hard zone ot 


cooled, 


, and 5 times 


severity specimen 


weld metal cracking 


HEAT NO O7274 


CRUCIFORM TEST 
PASS NO. | 


Table 3—Cooling Rates of Modified 
Controlled Thermal Severity Test 


Distance 
between 
weld 
fusion 
line and 


Cooling Cooling 


rate rate thermo- 

Thermo- at 1000" F at572° 

couple (° F/sec) (° F/sec in 
106 105 0.042 
T: 14 101 0 035 


couple 


* Legend: T—Trithermal test weld 
1, 2—-First and second thermocouples, 
respectively, of the same test weld 


Discussion of Results 

The cooling rate data obtained in this 
investigation falls within banded re- 
gions, as shown in Fig. 15 and appears 
to be approximately the same for each 
weldability test with the exception 
of the bithermal test weld of the 
controlled thermal severity test speci 
men. The rate of cooling in the heat- 
affected zone of multiple bead-on-plate, 
cruciform (first and third weld passes 
and the trithermal test weld of the con 
trolled thermal severity test specimens 
ranges between 62-85° F per sec (at 
1000° F), and 13-22° F per see (at 
572° F). The cooling rate in the heat- 
affected zone of the bithermal test weld 


CONTROLLED THERMAL 
SEVERITY TEST 
BITHERMAL WELD 


KNOOP HARDNESS NUMBER 


KNOOP HARDNESS NUMBER 


CONTROLLED THERMAL 
SEVERITY TEST 
TRITHERMAL WELD 


AFFECTED PARENT 
ZONE ME TAL 


CRUCIFORM TEST 
PASS NO. 5 


Fig. 


bead-on-plate, controlled thermal severity and cruciform 
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16 Microhardness surveys of as-welded multiple 


specimens of Heats 0681 and 0724. 
| is the average of three readings. 
| load, 16-mm objective 


Each plotted point 
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s lower and ranges between 3S and 52 
| per sec (at 1000 F), and 8.5-11.8° I 
per sec at 572 F The seatter of 


these data is not more than that nor- 


mally encountered in tests of this nature 
and, therefore, no particular significance 


with the scatter of the 


is associated 


pomts 


experimental | 


Figure 15 also indicates that within 


the narrow limits of spacing used in these 


tests the rate of cooling (at 572 and 
1000° F) in the heat-affected zone of the 
test welds is insensitive to the distance 
between the thermocouple and the weld 
fusion line 

Although the cooling rate data of the 
three weldability tests appear to be 
ipproximately equivalent, hard-zone 


cracking Was observed only in the eruci 


test: the test believed to be most 


restrained The results suggest 


highly 
! 


that restraint plays a more important 
role in causing hard-zone cracks in these 
welded allo teels than the rate of cool 


ing in the heat-affected zone at 572° | 
This inve 


questionable 


Introduction 


stigation points to some 


itures of controlled 


thermal severit test The complet 
test consists of four assemblies of var 

ing thicknesses to 2 in ind, con 
sequently, each assembly has character 
istic thermal severities associated witl 


it. The '/,-in. assembly has been re 


ported to be a specimen having rela 
tively low thermal severity.’ It is 
therefore possible that «a in. thick 
material may exhibit little or no crack 


lled thermal! 
crack 
fabrication of 
Further 
more, the major empha is im this test 


ing in the form of a cont 


erity assembly and, vet, ma 


during actual welding 


more highly restrained joints 
has been placed on thermal severity 


Since this investigation involved */,-in 


thick armor plate onl) the thermal 
severity of this test could not be in 
creased simply because thicker mat 


rial from the same heats was not avail 


In the general case, a f 
faced with the 
if thicker 
obtained, different mi | prac tice would be 


able ibricator 


would be sume situation 
armor plate could be 


used in manufacturing it, and the result 


ing material would not be metal 
lurgically representative of the plate 
actually to be used in service 

Internal cooling of the in, con 


trolled thermal severit test specimen 


is previously described, drastically in 


creased its therma weverit 


hard-zone cracking “ not observed at 


magnifications as high as 1000 diameter 


the results of this test further indicat« 
that the cooling rate at 572° F in the 
heat-affected zone of a elded nt 


may not be the most importan 


n causing hard-zone crack The ¢ 
ternal restramt of this modified test 1 


have been reduced 


it is beheved that the speci 


however 
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mens still had sufficient restraint to help 


reveal any cracking which might have 


n't urred 


The hardness surveys plotted in Fig 


16 show that the as-welded hardness in 
the heat-affected zone of each weld 
ibility specimen is consistently higher in 
the case of Heat OGS1, undoubtedly be 


This 


extent of 
tests ofl 


irbon content 
the 


observed in cruciform 


of its higher 


ima weount tor yvreatel 
CTacKking 


Heat OOS] 


Conclusions 
l An investigation of the controlled 
thermal severit ruciform and mult 


ple bead-on plate tests on two heats of 


irmor steel, using low-hvdrogen ele: 
trodes, has shown that restraint per 
men geometr the major taetor in 


causing unce rix id crm king 


2. When the 


cooling rate at 572 | 


300° C) in the heat-affected zone of tl 
tritherma! test weld of the controlled 
thermal severit specimen was arti 
hein increased to a value six times that 
prevailing in the cruciform test, crack 
ing was not observed For the material 
used in this investigation (Mn-Mo armor 
plate ind) jlow-hvdrogen electrodes 
oling rate it 572 Fk in the heat 


iffected zone ts not i determina 


per a 


tive irinble influencing underbead 
racking 

; In none of the three test tidied 
in restraint tematicall 
Since restraint in unportant 
ems that of the test 


formation which 
whether or 


id CTUCKINE vould 


given structural application 
j The extent but not the incidence 
of cracking in the cruciform test appear 
to increase with increased hardne of 
the heat-affected zone, other faetor 
remaining constant 
INC 
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APPENDIX 


Automatic Electrode Feed 
Mechanism Operation 


trode is automatically 


The welling 
positioned and tts rate of feed controlled 
by mean the iit shown in Fig. 17 
| bring the electrode toward the work, 
the relay-u viteh Sy is closed, This 
ipphes to the series combi 
nation of Ry and relay coil Ry. When S; 


opened, the open cireuit voltage (70 


of the welding generator G 
hetween the electrode and ground is 
ifficient to | 1 the relay in Nor 
mia pen re ontact M, is now 
closed, while normally closed contacts 
V 1 My are opened. When inching 

teh Sy is closed, 110 v de is applied 


niination of R, the 


motor ture, and Fy, and the elec 
trode j i en toward the work \ 
ill piece of ster ool is used to initiate 
thy An the truck, the initial 
pen-cireuit tape { the generator 
falls to a low value (20-30 v de) and the 
rela drop out Thi closes relay 


contact ml VM 


ind opens contact 


V Phe actu elding are voltage is 
now applied to the series combination 
f rheostat We a the motor armature; 
thy electrods travel Is then 
yi wal the a oltage 
The elect ‘ i! features of thi 
equ ent cat usted in a variety 
{ Phe a oltave at which the 
ela drop ut in be adjusted hy 
rie rheostat Phe motor arma 
ture | Kil tage Ry, can be 
reased or decreased The current 
t i the ndings of the driving 
mot il e adjusted by means of 
rhe tat /t,t the speed and torque 
the armature Che mechanical ar 
ingement n Fig. 4 ean also be 
for the speed 
With the eters listed, it was 
= 
one ORive 
+ 
ELECTRODE 
a ; 6 
( a G 
y 
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Fig. 17 Schematic electrical circuit of automatic electrode feeding mechanism 
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found that uniform, spatter-free welds 
could be obtained by using a bucking 
voltage of 12 v de and adjusting the 
variable speed arrangement. Varying 
field current had no discernible effect on 
the rate of electrode travel. 
Kquipment performance was eval- 
uated by the internal and external 
appearance of the welded joints and, 
from this standpoint, was satisfactory 
However, the variable introduced by 
the change in electrode resistance due 
to heating and a shorter path as the 
electrode was burned off was un- 
accounted for. This could be detected 
only to the extent that the first '/, in. 
of weld was heavier than the remainder, 
which was uniform. The equipment 
could be improved by the use of a 
potentiometer connected to the driving 


roller which would control armature 


current in the proper manner to com- 


pensate for changes in electrode resist- 
ance. A determination of the proper 
gear ratios and resistances to be used 
would be largely empirical. For the 
purposes of this investigation, the results 
which could be obtained did not justify 
the effort. 
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THE WELDING OF STEELS FOR 


HIGH-TEMPERATURE PURPOSES 


(Continued from page 347-8) 


dluminum content, Heat treatment 
after welding is at 1330° F up to 1.5% 
('r, 1380° F with 2 to 3% Cr, and 1400° 
F with 5 to 9% Cr. The width of the 
heat-treated zone on each side of the 
weld should be at least six times the 
plate thickness, but not less than 2 in. 
W ith 
there are no cracking difficulties in the 
ferritic steels 


correct preheat and postheat 


The principal problem with austenitic 
steels is cracking during welding. Weld 
metal containing ferrite is unsuitable 
due to sigma Crack-free 
austenitic electrodes of the ISCr-SNi- 
O\n type have high carbon content, 


fortoation 


amd are subject to undesirable “rain 
boundary cracks 
that occur in fully austenitic welds are 
Sometimes they 


precipitation The 


Appearance 
sometimes 


are visible on the surface 
not. Sometimes the cracks are 
long, sometimes they are of micro- 
cope dimensions, not detectable by 


X-ray 


microcracks may appear wholly in weld 


ultrasonic of Inspection The 


metal or may extend into the base 


metal, Cast austenitic alloves some 
times crack only in the base metal 
The cracks are believed to be due to 
nonmetallic material at the grain boun- 
daries. The nonmetallic material has 
t lower melting point than the alloy 
The melting point of the nonmetallic 
film depends on its composition and, 
therefore, on the type of deoxidation 
of the alloy 


The lower crack setisitivity of austen- 


ite containing ferrite, compared wit) 
fully austenitic weld metal, is related 
to the composition of the first crystal 
to solidify. The ferrite constituent is 
the first to freeze in the former type 
We know that high-chromium alloys 
have a higher solubility for oxygen than 
high-nickel alloys. The 
stituent, if present, carries nearly all 
oxides with it and does not reject the 
oxides to the grain boundaries. When 
the austenitic part of the melt freezes 


ferrite con- 


there are no oxides to be rejected to 
the grain boundaries. In contrast, in 


fully austenitic melts all oxides are 


“he 
| | 
| 
he 
I 
j | 
| 
| 
| we 
Fig. 1 Types of joint for 


medium and high-alloy steel 
piping using tungsten elec- 
trode argon arc welding for 
the root pass. Dimensions in 
millimeters 


rejected to the grain boundaries during 
freezing. Sulfur also is important, and 
should be less than 0.01% in the core 
rods, grained 
greater tendency to crack than fine 


Coarse metal has «a 
grained, 

High carbon content (about 0.200; 
presents cracking by changing the degree 
of deoxidation If Ta or Cb is added to 
stabilize the high carbon content, inter- 
granular columbium compounds en 
brittle the metal. Research has shown 
the ineffectiveness of specifying a par 
ticular C-Mn-Si ratio, A number ot 
factors in the melting of heats in ar 
furnaces for austenitic electrodes affect 
the crack sensitivity. Preliminary test 
ing is required to demonstrate the suit 
ability of a particular heat for covered 
electrodes argon are welding 

Cracking is favored, rather than pre 
vented, by high preheat (930-1020° | 
Preheating to 200-300° F is best for the 
root piss The interpass temperature 
should not exceed 390° F 
relief, if necessary, requires a tempers 
ture range of 1560-1650° 

The steel containing 14 Cr, 12 Ni 
10 Co, with 0.40 C and some Mo, W 
and Cb in Table 1 may be placed in the 


Stre- 


austenitic class and represents the pres 
ent limit of weldability The allo 
has unusually high vield strength and 
lower ductility than the lower carbor 
austenitic weld metals. Filler meta 
for the special austenitic has been ce 
veloped but is still in the experimenta 
stage. 
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RESEARCH—AN AID TO PRODUCTIVITY 


The author points to several ways in which 


research may be used lo increase productivity 


BY ARTHUR R. LYTLE 


Introduction 

At first glance, the title of this paper 
must slightly 
research is not generally associated with 
like productivity 
To most people research and produc- 
ends of the 


process or prod 


seem incongruous since 


subject 


a prosaic 


tivity represent opposite 


route that a new idea 


uct, must follow in its course of devel 


opment final ful 
fillment 


duetivity are 


from conception to 

Actually, research and pro 
close kin Practically 
every step in a 


process or every new 


product results from the application of 


research at some time in its history 
By the same token. if one is to stud) 
productivity for the sake of better 


understanding its various elements or 
improving it one way or the other, re 
way. It 
that 


successful productivity 


search is the might 
truthfully be 


the key to 


surest 


claimed research is 


Objectives and Procedures 


Jefore we consider how research can 


he used to improve producti it we 


should agree upon what is meant by the 


term “research” since it can be used to 


define a wide range of experimental 


york varying in objective, character 


The classical 
sought know 


ind mecentive research 


man who ledge for the sake 


of knowledge and who worked alone in 


a garret, library or improvised labora 
tory is now greatly in the minorit if 
he exists at all. The research on which 
men of his type spent their lives is now 
done in most part by large universities 


research foundations or industrial re 
search laboratories Th type of re 
is termed fundamental research 
study of fundamental! 
This type of research pre 
the groundwork on 


founded 


h 
that is 
i iples 


prin 
vies 
which all other re 
The next step be 
cometimes referred to as basi 


related to the 


search is 
yond this 


research, is underlying 
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principle of the special science involved 
For example, solid state physics might 
research 
metal 


he considered fundamental 
while the metallurgical study of 
state 


h 


might be considered basi re 
The next 


braces the appli 


research step em- 


ition of general prin 
ciple to actual problems and the a 
complishment of certain desired results 
this is sumed at 


followed by research 


solving the engineering problems of 
materials, equipment, ets these 
latter steps may be of major magnitude 
mn any one instance Thus it can be 
eon that research is a broad spectrum 
of activities and that any attempt to 
limit it cope to a narrowly defined 
field will deprive it of much of its sig 
nificance. In other words, research now 


has a new and broad meaning which Is 
associated with the result and not the 


ment 

In the United States, and perhaps in 
europe, there is a generally agreed upon 
hjective of research, namel the crea 


tion of new processe ind product ind 
the expansion of fields of usage of old 
in other words, if 
i ork directed to the better 


wl the 


product or proce ‘ 
under 


general het 


te ent of ! This objective 
expressed well | the man logans of 
the rgest industrial compans ind b 
the avowed researc! polioies of practy ill 


poration In order 


to fulfill these research objective it 1 


me iryv to cle elop ind maintain large 
expensive and ve taffed research 
Inpboratori to pre de the full range 
technolog’ incl wenee re 
ited field iH trained qualified 

erntiste teams are neces 
i to study fundamental laws and 
ad er me characteristics 
ind behaviors of materia! Other men 

th a slightly more practi il bent are 


to translate the findings of the 
entists and relate them to the im 
needs of 
VOTK 18 
nstaking and 
dome it this 


ioned future 
the organizations for which the 


dome AY | ] } 


ich and Productivity 


practical level because here decisions are 
made concerning the future course of an 
dea Frequently demand is made for 


more Dust know ledge and the project 


is returned to the ba research groups 


As a next step, other technologists ap 
ply the results of these basic, explora 
tor ind experimental research pro 
yran moa cale to develop 
the full engineering, economi and 
Ket potentiatiti ol a process or a 
product Overriding all this direct 
bor on a project are numerous highly 
traine inalysts and staff 
men Phu ilthough the objectives 
f what current referred to as im 
dustrial research mav be dietated by 
thing le than the urgings of 
pure science, a ve high degree of tech 
news unplement this 
enden ili cientist should be 
| | to be part of one of the mayor 
ndust ithoratories work 
ler tl vlern definition of re 
‘ The work i hard and de 
the re both mone 

tas ind professional, are satisfying 


Incremental Research 
ly mmuch a 


ere it might te 


i welding con 


vell to confine our 


thinking to the elding field. There 
the estion that is raised is 
Ilo i or improve weldimg 
productivity? This can be done by 
eve procedure One procedure 
f the Proceps 
weticed tudying ite obvious 

tcoming or diffieulties, and ap 
| the factors that go into the 
pr the This analysis 


ist be done ob 


jective because it is essential that a 
prop determination be made of the 
factor or factors that are most in need 

ement or correction The 
tud ( il factors since 
product Ke esearch, has 
facet Productivit in be adversely 

! t Major degree 
| te lesign, materials of 
onstructi ‘ f assembly type 


and application of quality control, 
welding procedures, personnel utiliza- 
tion, morale, organization and the like. 
Therefore, no arbitrary decision should 
be made that the research project will 
be directed along such and such a line 
unless all phases have been completely 
studied. An essential part of a sound 
research program is« first to determine 
what the problem ix 

Onee the problem has been defined, 
it should be turned over to the experi- 
mental research laboratory Let us 
assume, for example, that it has been 
determined that around the 
weld zone must be eliminated because 


the cost of removing it as well as some 
of ite auxiliary effects are deterrents 
to full utilization of the process. This 
type of problem is excellently suited 
to study in a laboratory rather than in 
the field since it may involve highly 
technical instrumentation and tech- 
niques for study of the electromag 
netic forces around the arc, high-tem- 
perature chemistry of the molten pud 
dle, mode of droplet formation and ex 
pulsion from the wire, and the inter- 
effects of metal and atmosphere. How- 
ever, a well-planned, imaginative pro- 
gram conducted by an observant re 
searcher could well produce a feasible 
solution to this particular problem 
Now, of course, many problems may 
not involve this type of laboratory re- 
search but all problems, if justified 
will merit the same quality of research 
Studies of design or personnel utiliza- 
tion, for instance, require just as much 
skill, imagination and detailed observa- 
tion as does laboratory research, since 
they may lead to profitable and bene- 
ficial improvements 

This straightforward method may be 
recognized as the more common place 
means of applying research to a problem 
It must not be discounted or minimized 
however, even though it is the more con 
ventional procedure because from this 
philosophy of research have come some 
of the most significant and far-reaching 
changes in technology. Over the years 
it can be shown that, by this straight- 
forward approach to research, many 
problems that were very serious in the 
past have been overcome and that 
new procedures, designs, ete, have been 
adopted to accomplish new levels of ful- 
fillment not envisioned under earlier 
concepts. The industry is 
filled with examples of the products and 
processes developed by this type of re- 


welding 


search, which might be termed incre- 
mental research 

Karly in welding it was clear that 
welding rod composition offered the 
best opportunity for basic improvement 
in productivity. Great and continuous 


improvements, some almost revolution- 
ary, have been brought about in this 
Starting with the recogni- 
tion of the need for deoxidizing in both 


one item 


JOS-s 


Fig. | 
assembling plates for ship construction 


ferrous and nonferrous metals, the value 
of alloy additions was demonstrated 
Means of controlling the ambient at- 
mosphere for meeting progressively 
higher mechanical properties were also 
developed. — Later, 
specific that hydrogen was practically 
eliminated. Now, 
being used where, literally by a flip of 
the switch, the composition of the weld 
deposit can be altered over a wide 


control Wits sO) 


welding rods are 


range. Thus, by almost imperceptible 
steps, the composition and properties 
of the weld deposit have been com- 
pletely transformed, 

There is also the matter of the ma- 
terials or base metal. 
result of 
mendous changes have been brought 
about which have contributed very sig- 
nificantly to productivity. The early 
problems associated with sulphur seg- 


Here again, a8 


incremental research,  tre- 


regation and general low-quality steel 
plate were recognized, overcome and 
subjected to specification control. This 
step increased productivity by elimi- 
nating cracks, porosity and other ma- 
jor defects. 

Another advance was the application 
of research to the welding of alloy steels, 
which permitted range of 
usage. The problem was quite com- 
plex and is not completely solved yet as 


broader 


a continuous stream of new alloys is 
forthcoming from metallurgical lab- 
oratories. One problem concerned ex- 
cessive hardening and resultant low 
toughness in the zone affected by the 
weld. This has been generally solved 
by applying the knowledge of harden- 
ability along with the control of heat 
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Large-scale installation of submerged-arc welding— 


effect by current regulation. This ha 
advanced to a degree now where steels 
must be weldable to be aecepted com 
mercially, 
similarly corrected to a major extent 
As a result, steels that meet most me 
chanical requirements, can be obtained 
with assurance that they can be satis 
factorily welded. 

Probably the most spectacular dem 
onstration of the value of research to 
increase productivity has been the 
weldability of steel or brittle fracture 
investigation. Many millions of dol 
lars and much time have been directed 
toward this research which for the 
time seemed to threaten the accepta 
bility of welding for many structures 
The basic philosophy behind this re 
search was that if we know the facts 
the problem can be solved. It has 
taken a long time to acquire the facts 
or at least to arrive at the present state 
of knowledge—but the original premise 
was substantiated. It can be con- 
fidently stated that, essentially, we now 
know how to weld complex structures 
with the assurance of satisfactory per- 
formance. During the course of these 
numerous investigations, many theories 
were discarded and many lines of in- 


Problems of cracking were 


vestigation were discontinued as they 
led in the wrong direction. This sup- 
ports an earlier statement that over-all 
processes cannot be properly studied 
without being sure that the problem was 
properly stated in the first place. 


Research Through 
Broad Basic Programs 


It is unnecessary to illustrate further 
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the advances in welding made possible bility absence of bothersome slag plication of research But the past ts 
by the incremental research studies flux, ete. and close control attainable less important for itself than as a meas- 
Another method of solving problems is with these processes promise to widen ure of hope for the future. Just as 
to approach them on a broad and un- and extend still further the general many years ago it would have been 

se inhibited front; that is, to set up a utility of welding as a production proc impossible to predict the present, nil- 
broad basic program and rely on the ess Another excellent example of a vanced state of welding, so now is it 
researchers to evolve the new process remarkable new process that has re impossible to anticipate what research 
or product By following this proce sulted from basic research is the new holds in store All our experience con- 
dure it is not always clear what the inert-gas tungsten-are cutting process vinces us that the upward curve of 
answer is going to be because prin see Fig. 3 This process originated growth can be extrapolated along the 
ciples rather than processes are being from basic studies of the characteristics same general slope as over the past dee- 
studied. It was by following this basi of an are in an inert atmosphere. Dur ile or so; perhaps it should be at a 
type of research (that is, b studving ing the course of this work certain ob higher rate Probably, the most con 
and combining certain known bast servations were made which to the eve incing evidence that research will 
principles and varying the numerous of an imaginative research man carried bring many more minor and major 
factors that enter into the new proces certain implications These observa inswer to productivity problems is 
that radical new processes resulting in tions were implemented by very careful the tremendous amount of research ac 

ad major advancements in production ipplication of fundamental laws and tivity directed at problems associated 
have been brought about Submerged the result ifter several vears of in with welding, metals, production, ete 
are welding was one of the earher ex tensive effort, has been the creation of One of the most recent studies of re 

‘ amples of this type of research. Witl 1 new cutting tool which conforms to earch and development expenditures 
out doubt, it has had a far reaching no previou onceived-ol principle Role of Research in | conomie Growth 
effect on productivit see Fig. 1 Cutting speeds, especially in the case | Raymond H. Kewell, Chemical and 

“7 By the same processes of thinking of the nonferrous metals are practical Engineering New July 1S, 1955, shows 
aided by availabili of newer ma phenomenal and, in a sense, undreamed that the general field of fabricated 
terials. the inert-gas-shielded arc-weld of in terms ot the productivit mil meta pent, in 1952, on the order of 
ing process came into being. This prov quality of the cut. This one invention 0.6°% of its total sales on research and 
ess and its subsequent offspring re epresenting the work of a relatively levelopment This rate of expendi 
sulted primarily from the belief that large team of research men working on a ture had brought about an increase of 
welding somehow should best be a coordinated project, exemplifies — the ilmost 20007 in the production rate over 
complished in a completely inert. ai results that can be attamed by an amply the previous 14 yea Among research 
mosphere. On the assumption that this supported liberal research program viministrators this rate of expenditure 
original premise was valid, the suitable would be considered on the low side 
combination of material ind condi Outlook for the Future because undoubtedly a mayor amount 
tions was evolved to produce several One could continue almost endless! of this was in the development field 
new and previously unpredictable prov pointing out the increased productivity rather than in basic or applied research 
esses (see Fig, 2). The extreme flexi realized in the welding field by the ap One figure that is used frequently as a 


mensure ol iitable rate ol expenditure 
for research is 0.5 to 1.0%, of total sales 
but this varies greatly with the size and 
growth of the industr (one quotation 
from that report is quite significant 
Che United States has probably the 
rhest economic growth rate among 
the highly industrialized countries of 
the world The United States ix also 
distinguished by devoting the highest 
percentage of ite nh itional meome to re 
earch and development. There is a 
definite correlation between these two 
fact Therefore, on the basis of this 
inalysis, the applicability of which has 
heen substantiated when applied to a 


number of madustreu it seems that one 


could look forward with considerable 
optimism to the continuing improve- 


ments available through well directed 


ind supported research programs It ~ 
is necessal however, for any par- 
ticular industry or company which 


hopes for or needs the improvements 
ind gains thus deseribed to meatitute 
research programs of the type and level 
best adapted to its needs. Only in this 
wa in the results be directly applica 
ble to the problems or opportunities at 
hand since the resulta of published or 


yeneralized research are seldom close 


enough to an outeide organizations 
Fig 2. Production welding on heavy aluminum structure—continuous primary field of activitie 
electrode feed small diameter wire under an iner! gas atmosphere It ix almost impossible to forecast or 
Jeny 1956 Lajtle Hesearch and Productu ily 
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Fig. 3 Laboratory demonstration of inert-gas tungsten-arc cutting—-a new 
product of research for high-speed, high-quality cutting of nonferrous metals 


foresee what research will or can ae- 
complish for the welding or fabricating 
field. Twenty years ago it would not 
have been possible to forecast our mod- 
ern methods of welding and cutting 
based on large-scale argon usage be- 
cause few at that time conceived of 
the availability of abundant 
Likewise, metal melting and 
processes are continuously improving, 
permitting the specification and pro- 
curing of entirely new grades of alloys 


argon. 
rolling 


many of which are now in the labora- 
tories but which promise to open up en- 
tirely new opportunities for increased 
productivity. Also, in the field of the 
incremental research referred to earlier, 
tremendous advances can be = antici- 
pated because of the imaginative and 
aggressive attitude that innumerable 
researchers are taking toward = cor- 
recting and improving small or major 
portions of processes and equipment. 
Thus, we should not be at all astonished 
if twenty years from now the welding 
processes and the associated facilities 
and materials, as well as the ultimate 
result of this fabrication procedure will 
be entirely different and at a much 
higher level of productivity than any- 
thing we can now envision. 

If research is to be successfully ap- 
plied to the solution of problems, it is 
very important that the industry, com- 
pany or institution involved be ready 
and willing to implement the results 
of the research work. In the case of 
new equipment which can be readily 
produced and sold as a product, this 


implementation is not difficult. How 
ever, it does require imagination, ag 
gressive sales development and promo 
tion before the idea or product can be 
put out into the market and reach the 
desired level of profitable production 
However, as pointed out earlier in this 
paper, research may demonstrate that 
the desired improvement can be brought 
about by changes in factors such as pet 
sonnel handling, fundamental design 
plant lay-out or even total instrumenta 
tion. These factors sometimes are more 
difficult to sell, require a higher level of 
conviction on the part of management 
and yet may offer, in the long run 
much greater savings in costs or Increase 
in productivit \ wise management 
therefore, must be willing to follow 
through on the findings of the research 
laboratories as readily when the recom 
mendations are in this field as when they 
are in the matter of selling a new prod 
uct 

This brings to mind one facet of pro- 
ductivity to which perhaps more atten 
tion should be given, especially as this 
paper is directed to European perhaps 
more than to American industry. One 
of the conclusions that was drawn by 
the American members of the O.F.E.( 
Mission No. 250 which made an ex 
tensive tour last year of European 
welding facilities and institutions was 
“From the standpoint of productivity, 
it is clear that more manpower and less 
mechanization are used in Europe than 
operations in the 
Likewise, the Anglo- 


in corresponding 
United States.”’ 


Luytle-—-Research and Productivity 


American Council on Productivity in 
England for the year 1950 recom- 
mended 
serious thought to economic planning 
and the more generous introduction of 
mechanical handling devices.” It is 
generally recognized that productivity 


“That managements devote 


increases with the amount of mechaniza 
tion or, in other words, with the total 
horsepower which workmen have avail- 
able for their use. It is quite possible 
that at the present time expansion ot 
this phase of productivity is not com 
patible with the economic conditions in 
Kurope but it would seem that this is 
a means of increasing productivity 
which should be given very serious con 
It is parallel 


in a sense, with increased instrumenta 


sideration over the vears. 


tion and mechanization, again two of 
the items which were mentioned in a 
previous paragraph. Complete in 
strumentation or mechanization of a 
process strongly influences productivit) 
by the exact controls and uniformity of 
conditions thus imposed upon a process 
Any process which can be fully mech 
anized and instrumented is almost 
sure to operate at a very high produ 
tivity level. Of course, one of the im 
plications of increased instrumentation 
and mechanization is an automatic up 
grading of the skills of the men in 
volved; a highly commendable obje: 
tive of all research Men who pre 
viously were manual welders now have 
to be trained to be machine welders or 
The further im 


plications of this need not be enlarged 


even instrument men 


upon here except to suggest the strong 
effect that such an up-grading of the 
earning power and technical skill of the 
average workman would have on the 
general standard of living 


Conclusion 
In conclusion, the author would lik 
to refer again to the first paragraph 
wherein it was claimed that research 
the key to industrial productivity In 
support of this, your attention is called 
to a quotation from a paper delivered 
by Dr. Frank B 
titled, ‘The Laboratory A 


Source of Progress in Industry In 


Jewett in 1938 en 
Potent 


this he states, “In conclusion 

would say is that the research 
oratory, if not the most potent source 
of progress in industry, is certainly one 
of the most potent ‘ 


the relatively early days of research 


Thus even 


when only a few companies were 
volved heavily in it, significance o 
search in industrial progress was « 
recognized tecognition of this pl 
ophy is widespread and practically al! 
industries that expect to expand or even 
continue in a strong competitive posi 
tion make strong and vital use of that 
Research 


modern key to progress 
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